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ABSTRACT
IRON AND HELIUM EMISSION LINES
IN CLASSICAL T TAURI STARS
MAY 2000
GEORGINA BERISTAIN, B.A., RICE UNIVERSITY
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: John Kwan and Suzan Edwards
Results are presented for the He emission in 31 CTTS from the Taurus-Auriga
molecular cloud spanning two orders of magnitude in the mass accretion rate, and
for the Fe emission in DR Tau, based on a series of high resolution echelle spectra.
The He lines admit a description in terms of a narrow component {NC) and a
broad component (BC). The NC has FWHM between 32-55 km/s and centroid
velocities near zero km/s or moderately redshifted, consistent with an origin in the
postshock region of the magnetospheric accretion model. The BC, with FWHM
between 128 and 287 km/s and centroid velocities between -93 and -1-35 km/s,
includes a wind and an accretion component; we argue the BC is predominantly
formed in the wind. Estimates of the wind and accretion component equivalent
widths are oppositely related to the NC, so the NC equivalent width increases with
the accretion component but decreases as the wind component increases. The NC
vii
is undetectable where profiles appear dominated by the wind, requiring a source
of veiling other than the accretion shock to account for the observed continuum
excess. Intensity ratios indicate that physical conditions are nearly uniform in the
NC but span a range in the BC.
For DR Tau, the range of morphologies in 62 unblended Fe I and Fe II lines can
be resolved in terms of a narrow component {NC) that dominates the weakest lines,
and a broad component {BC) that dominates the strongest lines. The {NC) has
FWHM ~ 20 km/s and centroid velocity near zero km/s. The {BC) has FWHM
~ 100 km/s, and a tendency to be blueshifted by < 10 km/s. Estimates of iron line
opacities r and column densities yield tnc ^^xtbc, Npei ;^ 10^^ - 10^^ cm-^
and Np^ii ;^ 10^^ - 10^^ cm-^ for the BC. Estimates of kinetic temperature for
iron suggest that the NC gas is hotter than the BC by several thousand degrees.
For iron, the NC is consistent with an origin in the postshock gas while the BC
may originate in the inner accretion disk close to the corotation radius.
viii
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1. Simultaneous velocity profiles in DR Tau. Permitted line emission
spans excitation energies from ~ 2 eV for Na I to ~ 23 eV for He I
and show a velocity structure suggestive of origins in distinct regions
iiie line width and the multiple absorption components indicate
high velocity motions including infall and outflow. The blueshifted
coniponent in [O I] A6300 A indicates a collimated, low density wind
while the sharp blueshifted absorption in Na I indicates a denser and
cooler colhmated wind. Redshifted absorption in He I and Na I show
high speed infall. Intensities are units of the local continuum and
velocities are with respect to the stellar photosphere 9
2. Emission lines like those in Figure 1 are obtained by comparing the
observed spectrum of a CTTS (GG Tau, bottom) with that of a
spectral standard (LK Ca7, top) without excess continuum emission.
The standard is 'veiled' (light line) until the depth of its absorption
lines match those of the object (heavy line). The residuals of the
fit is the excess emission shown underneath the object spectrum.
LK Ca7 has zero residuals when its spectrum is compared to that
of a main sequence star without excess emission. In contrast, when
compared to LK Ca7, GG Tau has a ratio of excess continuum
to photospheric emission or r equal to 0.3 and prominent residual
emission lines 10
3. Observed broad and composite He I profiles. The profiles of He I A5876
can be classified into broad (N = 3), composite (N = 19) and nar-
row (N = 9). The profiles are shown in order of decreasing relative
strength of the broad component, or BC, to the narrow component,
or NC (Figure 4), labeled by the ratio of excess continuum to pho-
tospheric emission or veiling r, at 5200A. Best Gaussian fits are
superposed on the composite profiles. The objects CW Tau, HN
Tau and AS 353a have no detectable NC emission. Intensities are
in units of the observed local continuum level and velocities are with
respect to the stellar photosphere 67
4. Observed narrow He I profiles. The observed profiles of He I A5876
can be classified into broad, composite and narrow morphologies.
This figure displays the narrow profiles with detectable emission in
the NC only (N = 9). The profiles are labeled by the ratio of
excess continuum to photospheric emission or veiling r, at 5200A.
Intensities are in units of the local continuum level and velocities
are with respect to the stellar photosphere 68
xii
5. Comparison of the broad, composite and narrow profiles for He I A5876
i he profiles in each group were normalized to their peak value to
allow a comparison of morphology. Arithmetic averages for eachgroup are shown m the left panels. A superposition of observed
profiles included m the group averages are in the right panels. The
cores ot the composite profiles and the narrow profiles are all similar
suggesting a common origin
6. Best fit parameters for the Narrow component or NC and Broad com-
ponent or^C for He I A5876. Parameters for the NC, detected inN
- 28 objects, are shown in the top subpanels and those for the
BC, detected m N = 22 objects, in the bottom subpanels. TheFWHM for the NC are distributed about 47 kms"^
,
while for the
BC
,
the FWHM range from 128 to 287 km s-^ The centroid veloci-
ties for the NC cluster about the photospheric velocity. In contrast,
the BC IS predominantly blueshifted with velocities as high as -93
km s~ .A few objects show redshifted centroid velocities of up to
+35 kms-^
7. The He I A5876 equivalent widths for the NC and BC versus veiling.
Equivalent widths, or Wx, for the BC (detected in 22 objects) are
in the top panel and those for the NC (detected in 28 objects) are
m the bottom panel. The Wx for the BC appear weakly correlated
with veiling while the Wx for the NC show no apparent relation to
veiling, contrary to what is expected if the NC arises close to the
postshock region at the stellar surface in the magnetospheric accre-
tion model. Labels for objects in the reference sample are marked
with an asterisk and shown in bold; unmarked labels denote multiple
epoch observations of these objects
8. The NC kinematics for He I A5876, A6678, A4472, A4713 and He H A4686
The strongest line, A5876, is at the top. The He H line is at the bot-
tom. As the line strength decreases, so does the FWHM, from an
average of 47 ± 7 kms"^ for A5876 to 34 ± 9 kms~^ for A4713. The
He H average is 55 ± 10 kms~^ . The centroid velocities are either
centered on the stellar photosphere or redshifted for He I and are
redshifted for every object with He II emission. In both ions, the
centroid velocities are redshifted by < 20 kms"^ . The NC kine-
matics are consistent with an origin close to the stellar photosphere,
in the postshock region of the accretion shock
9. The BC Residual Profiles for A5876. The BC residual profiles (ob-
tained after subtracting the best NC fits from the each individual
observed profile) are shown in decreasing order of a = BC/NC, the
ratio of NC to BC equivalent widths. Objects with dominant BC
emission are at the top. In addition to the variety of morphologies
exhibited in emission, four objects (RW Aur, GM Aur, GK Tau and
YY Ori) exhibit redshifted absorption at velocities >100 kms~^
,
indicative of mass infall
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10. Comparison of He I A5876 and Ha in DG Tau. Simultaneous A5876(heavy linel and Ea (light line) profiles are superposed at the 3epochs of observation. At each epoch, a blueshifted feature of com-
parable morphology is found near velocities of -250 kms"^ in both
transitions. Since Ha is thought to be optically thick, the correspon-dence suggests blueshifted absorption due to a wind. In this casethe centroid velocity of the BC emission in DG Tau is blueshifted'
Estimates of the latter for the profiles which exhibit the most pro-
nounced dip in the blue wing (left panels) are i^bc = -68 kms"' and
-56 km s \ respectively
^4
11. The A5876 BC blue wing velocities at zero intensity (top) and BC/NC
(bottom), each versus the BC centroid velocity, fiBc- Emission with
f^BC < -45 kms~^ and blue wing velocities < -309 kms'^ cannot
arise in a magnetosphere but is consistent with a wind. For these
objects BC/NC > 1 suggesting that the dominance of the BC is
due to the wind. Emission with /ibc > 5 kms"^ can arise in the
tunnel flow close to the accretion shock. Arrows in fiBC for DG Tau
indicate the real values are likely to be more blueshifted than shown
Arrows m m BC/NC are lower limits when the NC is undetectable.
Bold object labels with an asterisk comprise the reference sample;
unmarked labels denote multiple epoch observations 75
12. Observed profiles for A5876 at multiple epochs. A superposition of
observed profiles normalized to their peak value is shown for every
object with multiple observations. When the contribution of the
BC relative to the NC decreases, it does so predominantly in the
blueshifted emission. Thus the BC emission tends to be blueshifted
when dominant. In contrast, the redshifted emission varies less or is
indistinguishable in most objects. The paucity of blueshifted emis-
sion as the BC amplitude decreases means the centroid velocity of
the remaining emission is less blueshifted, consistent with the results
of Figure lib for the entire sample 76
13. The NC equivalent widths versus equivalent widths for the BC wind
and accretion contributions, estimated by the integration method
(top) and by the wind-fit method (bottom). Both methods yield
similar results and show that the wind and the accretion components
are distinctly related to the NC. The distribution for the wind
component suggests an inverse correlation with respect to the NC.
In contrast, the accretion component appears to increase as the NC
equivalent width increases, as expected if the former originates in
the funnel flow close to the accretion shock 77
14. Comparison of A5876 and A6678. Profiles normalized to their peak
value are superposed for the 13 objects with BC detectable emission
in A5876 and A6678. They differ for objects with dominant BC
emission and are similar for objects with dominant NC emission in
both lines. About half of the remaining objects show a smaller BC
to NC in A6678 than in A5876. The difference occurs predominantly
in the blueshifted emission 78
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15. The A6678 BC blue wing velocities at zero intensity (top) and thei^G/TVC (bottom), each versus the BC centroid velocity The cen-
troid velocities and blue wing velocities are less blueshifted for A6678than tor A5876 (see Figure lla,b). As for A5876, the BC in A6678
tends to be blueshifted when dominant and redshifted as BC/NCdecre^es. However, the presence of significantly redshifted centroids
^or BC/NC <2 in A6678 suggests that the infall component asso-
ciated with redshifted centroid velocities in A5876 favors the A6678BC emission
16. Profiles for A6678 at multiple epochs. A superposition of observed
profiles normalized to their peak value is shown for every object
with multiple observations. As for the A5876 profiles (Figure 12) the
contribution of the BC relative to the NC decreases predominantly
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18. Equivalent width ratios for the BC (top) and NC (bottom) in simulta-
neously observed A5876 and A6678 lines. The solid line is the value
expected under conditions of optically thin or nebular recombina-
tion. Ratio distributions diflFer between the NC and BC. The tight
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this region. In contrast, the dispersion in the BC ratios suggests
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certainties are dominated by errors of measurement in the A6678
line. Object labels marked with asterisks denote the reference sam-
ple; unmarked labels denote multiple epoch observations 82
19. Residual emission profiles are shown for Ho;, He IA5876, Fe H (49)
A5276 and Fe I (15) A5397 for the 4 red observing epochs, ordered
by the magnitude of the veiling at A5700 A, tr. The velocity scale
for the Balmer lines is almost twice that for the other lines. The or-
dinate is in units of the continuum flux and the velocity is measured
relative to the photosphere 126
20. Residual emission profiles are shown for H/5, H7, Fe II (37) A4629 and
Fe I (43) A4064 for the 3 blue observing epochs, ordered by the
magnitude of the veiling at A4500 A, r^. The velocity scale for the
Balmer lines is almost twice that for the other lines. The ordinate is
in units of the continuum flux and the velocity is measured relative
to the photosphere 127
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21. Four Fe I lines from the r« = 8 spectrum show the variation in line
width with line strength. The lines are ordered from the strongest tothe weakest line, with the profile of the strongest line superposed on
each profile. As the Wx decreases from 0.9 A to 0.03 A the FWHM
decreases from 67 to 26 km s"^ 128
22. The FWHM of the 62 unblended Fe I and Fe II profiles is plotted
against the line Wx for each epoch of observation, illustrating the
trend ot increasing line width with increasing line strength The 4
red spectra are in the left-hand panels, the 3 blue spectra in the
right-hand panels and both are ordered by veiling. Circles denote
lines of Fe I and squares denote lines of Fe II 129
23. Single free shape and double Gaussian fits (dashed lines) are super-
posed on the observed profiles (solid lines) for a representative pair of
lines, Fe I (15) and Fe II (48), at the = 10 epoch. In each panel,
the small open squares are the residuals between the observed and
computed profiles. The single function fits (upper panels) yield a
shape parameter ~ 1, for both ions, although the Fe II line is twice
as broad as Fe I
.
The bottom panels show double-Gaussian fits,
with each profile decomposed into a narrow component [NC) and a
broad component [BC). For each ion, the resultant line widths for
the NC and the BC, respectively, are nearly identical 130
24. The FWHM for the two Gaussian components that fit the 62 un-
blended Fe I and Fe II profiles is plotted against the equivalent
width. Each panel is a different observing epoch, with Fe I lines
plotted as circles, and Fe II lines as squares. The average FWHM
of the NC (filled symbols) from all measurements except those at
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(open symbols) from all lines with Wx> ^.l A, except for the tb =
9 spectrum, is 102 ± 7kms~^ 131
25. The velocity centroid for the NC and BC is plotted against t<he equiva-
lent width. Each panel is a different observing epoch, with Fe I lines
plotted as circles, and Fe II lines as squares. Velocities are relative
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velocity for each ion. The NC average velocity from all measure-
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Error bars about the line of zero velocity are the uncertainties
in the photospheric velocity 132
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26. The left and right panels compare free and constrained fits for theanomalous m = 9 spectrum. Left panels: The Gaussian compo-
'r^r.T. - two Fe I profityield 7VC and widths signific^nlf; broader t^a^th sVafoTe?
epochs Right panels: The Gaussian components from a con-
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In each panel, the NC and BC fits are shown as dashed lines The
constrained fits yield NC and BC parameters which are consistent
with those found from free fits at all other epochs. What distin-
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wide NC, with a^c = 0.2
-^33
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CHAPTER 1
INTRODUCTION
The research presented in this thesis has two main thrusts into the study of
Classical T Tauri Stars. The first part is a comprehensive study of the helium
emission in a sample of 31 of these objects. The second part comprises an in depth
study of permitted iron emission lines in the spectrum of the single Classical T
Tauri star DR Tau (Beristain, Edwards k Kwan 1998). Below I use the results of
a large body of observational and theoretical work. For references, and a complete
treatment of several of the aspects of low-mass star formation, the interested reader
may consult the excellent reviews by Natta (1999) and Hartmann (1998).
Classical T Tauri stars (or CTTS) are thought to be young (T < 10^ yrs), low
mass (M ~ O.5M0) objects believed to represent the latter stages of star formation,
after most of the parent cloud remnant has been removed by outflows or accreted
onto the central object. They are often associated with molecular cloud material.
The objects in this study are located in the nearest star formation complex, the
Taurus molecular cloud, ~ 140 pc away. Despite their association with dense cores
of molecular clouds, their photospheres are optically visible, so that in principle,
their spectral type and luminosity and thus masses and ages can be determined.
In practice, optical continuum and infrared emission above levels expected for cool
(4,000 K) photospheres as well as a multitude of emission lines overlying the stellar
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absorption spectrum complicate their analysis and indicate that non-stellar pro-
cesses are occurring. The optical emission lines include permitted transitions due
to hydrogen, helium, and lower excitation metals such as sodium, calcium, iron and
iron group elements and 'forbidden' lines from oxygen, nitrogen, sulfur and iron.
Therefore, the emission line spectrum represents a range of gas densities and tem-
peratures. The velocity profiles of the emission lines show that complex and high
speed motions are ta.king place in these systems. Figure 1 shows a sample of emis-
sion lines from the object DR Tau, a CTTS with large levels of optical continuum
emission and a rich emission spectrum (the object of the second part of this study).
The profiles present a variety of line widths, shapes and multiple absorption com-
ponents suggesting that regions of distinct physical properties are responsible for
the emission. With respect to the stellar photosphere, the blueshifted absorption
in Ea and Na I and the blueshifted emission in [01] are signatures of outflowing
material, while the redshifted absorption of the He I and Na I lines indicate infalling
gas.
The present conceptual framework for CTTS is that of a pre-main sequence star
surrounded by a rotationally supported accretion disk. As originally suggested by
Lynden-Bell & Pringle (1974), if accretion occurs directly onto the stellar surface,
a boundary layer is set up where matter moving at the Keplerian velocity Vphi ~
200-300 kms~^
,
dissipates most of its rotational energy to match the slowly mov-
ing photosphere, with velocity between 10-30 kms~^ . The accretion disk model
naturally accounts for the infrared excess as due to dust emission, and explains
the optical continuum excess as due to energy dissipated at the boundary layer.
The disk geometry explains our ability to see the stellar photosphere in spite of
the amounts of dust required, which if uniformly distributed around the star would
occult it with a few hundred magnitudes of extinction. Mass accretion rates needed
to account for the excess continuum emission in CTTS range from IQ-^M© yr-^
to 1O-^M0 yr-^
These stars are believed to have fully convective interiors and can therefore gen-
erate dynamo magnetic fields. If the stellar field is of order ~ 1 kG, it can disrupt
the structure of the accretion disk near the star (Ghosh & Lamb 1979; Konigl 1991)
near to the co-rotation radius, typically a few stellar radii, where the disk angular
velocity equals the stellar angular velocity. In the case of magnetically controlled
accretion, the boundary layer is replaced by an accretion shock at the stellar sur-
face, where matter falling in at supersonic velocities is deposited onto the stellar
surface. The influence of the magnetic field can account for phenomena that are
not readily understood if a boundary layer mediates the star-disk interaction. The
high speed infall indicated by the redshifted absorption features in the emission
lines (cf. Fig 1) can be understood as arising from gas that is falling along the
magnetic field lines at nearly free-fall speeds and is seen against the hot continuum
from the accretion shock. The photometric modulation observed in these stars
can be interpreted as 'hot spots' that rotate in and out of view and are due to
emission from the accretion shock of a magnetosphere that is not aligned with the
rotation axis. The rotational velocities of CTTS, which are lower than those of
similar age stars without disk accretion signatures, is a puzzling result if CTTS are
accreting high angular momentum material. While the details of how this could
be accomplished are unknown, in the magnetospheric accretion model the stellar
magnetic field couples to disk regions with smaller angular velocity than the star,
counteracting its tendency to spin up by coupling to regions inside the corotation
radius, where mass accretion can occur.
Winds and outflows are observed at all stages of star formation, from the early
phases when most of the stellar mass is accreted in deeply embedded and heavily
extincted protostars, to the older and optically revealed CTTS. Outflows are closely
linked to mass accretion; objects of similar ages but without accretion disk indica-
tors also lack outflow signatures. Outflows may be essential to the star formation
process as reservoirs of excess angular momentum that must be shed if accretion is
to proceed. At the same time the powerful molecular outflows driven by embedded
protostars clear away parent cloud material, setting a limit to the final mass of the
star.
Although the mechanism that drives the winds and their region of origin is un-
known, present models rely on magnetic fields and rotation to eject and collimate
disk material. The wind must arise close to the star, so that mass can be ejected at
a velocity larger than the escape velocity and be observable as a jet or outflow. The
efficiency of conversion of the potential energy of the infalling mass into the kinetic
energy carried by the wind is indicated by the ratio of the mass loss in the wind to
the mass accretion rate through the disk, M^/M^cc- Since some of the energy which
could power the wind is radiated away, it is reasonable to expect that even in the
limit of 100% eflaciency of conversion M^/Macc < 1- Current estimates of M^/Macc
in CTTS range from 10~^ to 10~\ using the jet emission from the the [01] fines
to estimate M^^, and the the excess continuum emission to estimate Mace- In addi-
tion to the molecular outflows from embedded sources and the spatially resolved,
collimated jets radiating in the forbidden lines of CTTS, observational evidence
suggestive of winds emanating from the surface of disks exists. In CTTS, the low
velocity component of the forbidden line emission, which shows small outflow ve-
locities and is denser and of lower excitation than the high velocity component
ascribed to the jet, has been spatially resolved as a compact source close the star
and is thought to represent a slow disk wind or a disk corona. In FU Ori, from
a class of objects believed to represent low mass stars with much higher accretion
rates than CTTS, spectroscopic signatures of outflowing and rotating material have
been similarly attributed to a disk wind.
While the forbidden emission lines in CTTS have been convincingly explained in
terms of jets and disk winds/coronae, the origin of the permitted emission hues in
CTTS has yet to be established. The goal of this study is to provide observational
constraints for models of these objects using He, with upper levels at energies <
24.6 eV, and Fe, with upper levels at < 7.8 eV. Each of these necessarily probes
energetically different regions and together can provide a complementary picture
of the circumstellar environment. The data set is comprised of high resolution
echelle spectra covering optical wavelengths for 31 objects that span two orders
of magnitude in the mass accretion rate. The velocity profiles contain the kine-
matic information necessary to constrain their origin and the equivalent widths of
transitions can be used to obtain estimates of physical conditions.
The emission line profiles used throughout this work are residual profiles free from
the contributions of the underlying stellar photosphere and extracted according to
the procedure described in Hartigan et al (1989) and used in Hartigan et al (1995)
to obtain measurements of the continuum excess or veiling emission for the stars in
this study. The top panel of Figure 2 shows the spectrum of LK Ca7, a standard
star of the same spectral type (mass and temperature) and luminosity class (size
and gravity) as the CTTS GG Tau in the bottom panel. The CTTS spectrum
shows absorption features with the same relative depth to each other as those of
the standard, indicating a similar spectral type, but the spectrum is said to be
'veiled' because the absorption lines are shallower, indicating that the continuum
level against which they appear is larger. The procedure for extracting residual
emission profiles can be briefly described as follows. The GG Tau spectrum, which
consists of emission line and excess continuum contributions on top of a normal
stellar absorption spectrum, is modeled as the sum of a standard template plus
a fiat continuum over short wavelength intervals of ~ 15 A. The spectrum of the
standard is 'veiled' until the depth of its photospheric features match those of the
standard. The difference in depth between absorption lines in the observed object
spectrum and in the veiled standard yields residual emission lines. In Figure 2
the heavy lines show the observed spectrum, the lightweight lines superposed on
the observed spectrum are the standard spectrum, and the light lines underneath
the observed and standard spectra are the residuals. The figure shows that the
residual emission in LK Ca7 in this wavelength range is undetectable when its
spectrum is compared to that of a main sequence star without excess emission.
In contrast, when compared to LK Ca7, the veiled GG Tau spectrum has a ratio
of excess continuum to photospheric emission, or r, equal to 0.3 and prominent
residual emission lines.
The analysis of the He I emission lines in 31 CTTS (chapter 2) extracted as
described above shows that the narrow and broad emission components apparent in
the lines possess different kinematic properties. Intensity ratios in each component
exhibit different distributions, lending support to the notion that these components
arise from physically distinct regions, as suggested in the literature. The narrow
component or NC is consistent with an origin close to the stellar photosphere
near the accretion shock, in agreement with previous studies of the narrow He
emission. A new result of this work is that the He I broad emission kinematics can
be consistently interpreted as composite, including an accretion component whose
properties are consistent with an origin in the funnel flow close to the accretion
shock, and a wind component. Further, the wind and accretion components of the
broad emission seem to bear a different relation to the NC emission region. The
increase in the wind emission strength as the NC emission strength decreases is
due either to opacity effects or to a redistribution of the accretion flow in favor of
the wind at the expense of the NC emission region. In either case, more than one
source of continuum excess emission is called for in at least a subset of these objects
with dominant BC emission but undetectable NC emission. The severe excitation
conditions required by He restrict its origin to the inner disk/star region, where the
accretion energy can be tapped to power the wind. The possibility that a wind is
a common and a significant contribution of the He emission in CTTS means that
further study of its properties may ultimately indicate the origin of the wind in
these objects.
In chapter 3, analysis of 62 unblended Fe I and Fe II emission lines in the object
DR Tau reveals that the kinematics of these lines can be consistently described in
terms of narrow and broad components, which differ from their counterparts in He
in that both of the Fe components are narrower by about a factor of 2, and the Fe
BC is less blueshifted. From intensity ratios for selected pairs of lines, the Fe NC
is found to be more optically thick and hotter than the Fe BC, consistent with an
origin for the NC close to the accretion shock. The BC probably arises in the disk,
close to the co-rotation radius, where the excess rotational energy of disk material
is dissipated.
Of the sample of objects studied in this work, ~25% are known to be binaries.
The significance of multiple systems in our understanding of mass accretion in
Classical T Tauri stars is only now beginning to be realized. Of the two known
spectroscopic binaries included in our sample, DQ Tau and UZ Tau E, there is
orbital (Mathieu et al. 1997) and spectroscopic (Basri et al. 1997) information
available only for DQ Tau. This object has an orbital period of 15.8 days, an or-
bital eccentricity e = 0.556 and a separation at periastron of 8 stellar radii, with
a mass ratio between 0.7 and 1 (Mathieu et al. 1997). The object is inferred to
have a circumbinary disk from sub-millimeter and infrared excess emission and is
known to become brighter and bluer, with (sometimes dramatic) increases in emis-
sion line strengths and continuum veiling as the system nears and passes through
periastron. Therefore, it is remarkable that the accretion indicators for this object
are so similar to those observed from single CTTS, as noted by Basri et al. (1997).
Moreover, since the emission lines and continuum veiling are evident throughout
the orbit, low-level accretion appears to occur at all times. The authors note that
their observations are consistent with predictions from a model postulated by Arty-
mowicz & Lubow (1996), where mass streams dislodged from the circumbinary disk
at apastron can cross the central gap and land on the binary components, caus-
ing periodic accretion episodes at specific orbital phases. While the energy in the
stellar magnetospheres is inferred to be adequate to power the outbursts and the
stellar magnetospheres would be expected to interact at periastron, the larger level
of continuum veiling and duration of the outbursts suggest to the authors that
these are not powered exclusively by such interactions. Whether accretion from
the circumbinary disk or interaction of the stellar magnetospheres is the dominant
power source in this system, its significance for the understanding of CTTS is that
mass accretion in these objects does not appear to require the presence of a stable
circumstellar disk. The details of these interactions will have to be established if
CTTS turn out to be mostly binary or multiple systems.
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Figure 1. Simultaneous velocity profiles in DR Tau. Permitted line emission
spans excitation energies from ~ 2 eV for Na I to ~ 23 eV for He I
and show a velocity structure suggestive of origins in distinct regions.
The line width and the multiple absorption components indicate high
velocity motions including infall and outflow. The blueshifted com-
ponent in [O I] A6300 A indicates a collimated, low density wind,
while the sharp blueshifted absorption in Na I indicates a denser
and cooler collimated wind. Redshifted absorption in He I and Na I
show high speed infall. Intensities are units of the local continuum
and velocities are with respect to the stellar photosphere.
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Figure 2. Emission lines like those in Figure 1 are obtained by comparing the
observed spectrum of a CTTS (GG Tau, bottom) with that of a
spectral standard (LK Ca7, top) without excess continuum emission.
The standard is 'veiled' (light line) until the depth of its absorption
lines match those of the object (heavy line). The residuals of the fit is
the excess emission shown underneath the object spectrum. LK Ca7
has zero residuals when its spectrum is compared to that of a main
sequence star without excess emission. In contrast, when compared
to LK Ca7, GG Tau has a ratio of excess continuum to photospheric
emission or r equal to 0.3 and prominent residual emission lines.
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CHAPTER 2
HELIUM EMISSION IN CTTS
2.1. Helium Emission: an Overview of Results
The results of a comprehensive study are presented for the He optical emission
in a sample of 31 CTTS spanning two orders of magnitude in the inferred mass
accretion rate. The data is comprised of a series of high resolution echelle spectra
over two discontinuous and non-simultaneous spectral ranges, « AA5000-6700 A
and « AA4000-4920 A. The He I emission lines admit a description in terms of
a narrow component {NC) and a broad component [BC), as found in previous
studies. The NC kinematics are consistent with an origin in the postshock region
in the magnetospheric accretion model, with FWHM < 47 kms~^ for He I and ~
55 km s~^ for He II and centroid velocities that are slightly redshifted for both ions.
In contrast to the NC, the BC kinematics for the triplet A5876 line span a large
range, with 128 < FWHM < 287 kms~^ and centroid velocities between -93 and
-1-35 kms"^ .
For the 22 stars with detectable BC emission, the expected kinematics from an
aligned axisymmetric magnetosphere are incompatible with the centroid velocities
in 18% of the stars and with the maximum blue wing velocities in 41% of the
stars. We argue that the bulk of the BC emission in these objects is formed
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in a wind. In addition, for every one of these objects, the relative strength of
the BC, BC/NC, is larger than 1, suggesting that the dominance of the EC in
the observed profiles is due to the wind. The BC kinematics for objects with
redshifted centroid velocities are consistent with emission from the magnetospheric
funnel flow close to the accretion shock. Multiple observations for 7 of the objects
with detectable BC emission suggest that the blueshifted emission is more variable
than the redshifted emission. The NC equivalent widths decrease as the estimated
the wind contribution to the BC increases. In contrast, the NC equivalent widths
increase as the estimated accretion contribution to the BC increases. The NC is
undetectable in AS 353A, CW Tau and HN Tau, which exhibit BC profiles we
believe to be dominated by the wind. For these objects at least, a source of veiling
other than the accretion shock is indicated to account for the detectable continuum
emission.
Comparison of the BC emission with the singlet A6678 line supports the conclu-
sions reached from analysis of A5876 and in addition suggests that BC emission
from A6678 is favored in the infall component. Equivalent width ratios for the NC
and the BC in A5876 and A6678 suggest that physical conditions are nearly uniform
in the NC but larger in the BC.
2.2. Introduction
The origin of the emission line spectra of Classical T Tauri stars remains a sub-
ject of debate. The line spectra suggest the presence of a complex circumstellar
environment able to power transitions spanning a large range in excitation and
ionization potentials where high speed infall and outflow motions may occur simul-
taneously. Emission lines due to H, Ca II and Mg II, He I, Na I, Fe II and Fe I and
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other singly ionized and neutral metals, as well as lines of C III, C IV, Si III and Si
IV are observable in the spectra of these objects. Often the most prominent optical
line after Ha is due to He I A5876. The present consensus is that CTTS are young
stars of late spectral type undergoing magnetically controlled disk accretion. In this
scenario the ionized disk component couples to a strong stellar magnetic and freely
falls toward the star, creating a standing shock close to the stellar surface (Uchida
& Shibata 1985; Camenzind 1990; Konigl 1991) that can, in principle, produce the
short wavelength continuum excess. An efficient coupling of the stellar magnetic
field to the disk beyond the corotation radius may regulate the angular momentum
evolution of of the central object, resulting in the observed low rotational velocities
of CTTS (Bouvier et al. 1993, 1995; Edwards et al. 1994).
The emission line spectra have been variously attributed to active chromospheres
(Cram 1979; Calvet, Basri & Kuhi 1984; Calvet et al. 1985), winds (Kuhi 1964;
Hartmann, Edwards k Avrett 1982; Hartmann et al. 1990; Natta k Giovonardi
1990; Calvet, Hartmann k Hewitt 1992; Mitskevich, Natta k Grinin, 1993) the
boundary layers resulting from disk accretion onto the central object (Bertout, Basri
k Bouvier 1988; Basri k Bertout 1989) and to magnetospheric accretion columns
(Hartmann, Hewett k Calvet 1994; Muzerolle, Calvet k Hartmann 1998). While
there is evidence to support the notion that magnetospheric accretion dominates
the mass motion in CTTS, spectroscopic and other observational data remain that
defy interpretation in terms of this model, as summarized by Edwards (1997).
Among the unanswered questions in the problem of the origin of the emission lines
are the geometry and velocity fields of the line emission region, and the sources of
the short and long term variability in the emission lines.
The lines of neutral and singly ionized helium require a strong ultraviolet flux
or a high temperature for excitation, as the first excited states lie ~ 20 and 40 eV
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above the ground, respectively. In the Sun, the He spectrum is thought to originate
in the chromosphere and in the transition region and has been observed in quies-
cent prominences. If primarily due to collisional excitation in the transition region,
temperatures between 25,000 and 90,000 K are required (Athay 1965; Avrett, Ver-
nazza & Linsky 1976). If due to photoionization of chromospheric helium by the
coronal radiation field followed by recombination and cascade (Goldberg 1939; Hi-
rayama 1971), the excitation can take place at local kinetic temperatures between
8,000 and 15,000 K (Zirin 1975; Heasley, Mihalas & Poland 1974; Wahlstrom &
Carlsson 1994). Therefore, the He I and He II lines in CTTS may arise very close
to the central star and represent a potential diagnostic of physical conditions of the
energetic inner accretion disk region.
Several observational studies of CTTS have employed selected He I and He II lines
as diagnostics of the conditions of formation; however, no consensus has yet been
reached about their origin. Schneeberger, Linsky k Worden (1978) measured the
A5876 and A6678 lines in DF Tau and BP Tau and found the intensity ratios to be
~ 3 for both objects. Ulrich & Wood (1981) carried out a study of the A5876 and
A10830 lines in eight TTS in order to test the predictions of line form.ation under
wind, chromospheric and nebular conditions. They concluded that the 10,830 line
is optically thick in every case and found that half of their sample object profiles
are compatible with chromospheric formation while the rest could be formed un-
der wind or nebular conditions. In a comprehensive study of the emission lines of
the star T Tauri, including the He II A1640 line, Brown, Ferraz <^ Jordan (1984)
obtained limits for the electron pressures and concluded that a two-component
atmosphere is required to account for the range of spectral properties. Using the
observed luminosity of the He II A1640 line in RU Lupi and T Tauri, Lamzin (1989)
argued that the He II A4686 line should be optically thin in CTTS and computed
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expected profile shapes for an expanding chromosphere, an accretion disk and disk
chromosphere model.
Global properties of the metallic emission lines in CTTS were elucidated by
Hamann & Persson (1992), who examined the spectra of 53 TTS at high reso-
lution and found that the line profiles exhibit narrow (< 40 kms"' ) and broad
(> 100 kms-^ ) components, with the He I and He II lines often characterized by
narrow cores. The narrow component, or iVC, was attributed to an active stel-
lar chromosphere and the broad component, or BC, to a turbulent, nonspherical
envelope. Later studies of the He lines in CTTS at high resolution suggest that
the relationship between the He emission properties and disk accretion indicators,
such as veiling and the Ha intensity, is complex. In a study of the NC emission
in A5876 in a sample of 28 TTS, Batalha, Stout-Batalha, Basri k Terra (1996)
found correlations between the NC and NC line strengths and the optical veiling,
and proposed a "hot chromosphere" region where the shock accretion energy is
reprocessed, as the formation site for the NC. In a variability study of DF Tau,
Johns-Krull k Basri (1997) found no correlation between the He I A5876 NC emis-
sion and the veiling. While the BC emission was found to be weakly correlated
with veiling, the equivalent widths for the A5876 BC and for Ha were uncorrected
and the Ha line showed no apparent relation to veiling. Observational evidence is
now emerging that challenges the notion that the broad permitted emission lines
can arise from magnetospheric accretion funnel flows. After examination of the
permitted emission lines in 30 stars, Alencar and Basri (2000) conclude that while
magnetospheric accretion probably does happen in CTTS, it is not the only impor-
tant process for line formation. They found that only ~ 20% of the BC profiles
support the model predictions, as the broad emission components in He I and Ca
II are most often symmetric, and sometimes redshifted. In addition, the BC line
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strengths for different atomic transitions are not correlated as expected if they all
arise in the funnel flow. Muzzerolle, Hartmann & Calvet (1998) found that the
observed profiles of He I 5876 for some high veiling objects in a sample of eleven
CTTS could not be reproduced by a non-rotating magnetospheric accretion model
with dipole geometry.
In chapter 3 of this thesis (see Beristain, Edwards & Kwan 1998) the properties
of iron emission in the object DR Tau are described and shown to be a valuable
diagnostic of the line opacity, column density and the kinetic temperature in the
inner accretion disk environment. The neutral and singly ionized iron optical spec-
tra arise from levels below ~ 6 eV from the ground state that are easily excited
by inelastic collisions with thermal electrons at temperatures (T < 10^). If pre-
dominantly collisional, their excitation requires local heating, which restricts their
origin to the inner accretion disk where dissipation of rotational energy of the disk
material takes place close to the corotation radius and at the post shock region
on the stellar surface. The study of He I and He II optical emission allows the
exploration of transitions which must necessarily represent conditions in a more
energetic environment in CTTS, closer to where the final deposition of mass onto
the star occurs or where the launching of the winds takes place.
In this chapter we present the results of a detailed study of the narrow and broad
component emission for the helium optical lines in a sample of 31 CTTS, in order
to determine the fundamental properties of the line emission region and provide
further observational constraints for future modeling efforts. The analysis is based
on the simultaneously observed He I triplet A5876 and singlet A6678 lines in the
red and the simultaneously observed He I triplets A4471 and A4713 and the He II
A4686 line in the blue. The chapter is organized as follows: The atomic parameters
for the observed unblended He lines, data reduction and selection of the reference
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sample is in §3. The analysis of the narrow component {NC) for all detected
He I and He H transitions is discussed in §4. Findings for the broad component
{BC) in A5876, discussed in §5, suggest that the BC itself is composite, including
a wind and an accretion contribution. Evidence is presented that suggests the wind
contribution of the BC increases as the NC emission decreases and is eventually
undetectable, implying that more than one source of veiling continuum emission
exists in CTTS. The BC emission in A6678 is in §6, and yields results consistent
with A5876. Equivalent width ratios for simultaneously observed line pairs, pre-
sented in §7, differ between the NC and BC, and further suggest a composite BC.
The discussion is in §8 and a summary of conclusions in §9.
2.3. Data Reduction
2.3.1. Line Identification
The He I spectrum contains a large number of optical transitions that take place
between levels lying at <24.5 eV and Ei > 19.8 eV from the ground level.
Unfortunately, the majority of lines in our spectra with wavelengths redward of
A4000 A are blended with other metallic emission features, most notably Fe I and
Fe II. The four unblended transitions include the most prominent optical line in
CTTS after Ha, He I A5876 = 7.1 x 10^ s-^), and also A4472 {A = 2.5 x 10^ s^^),
and A4713 {A = 1.1 x 10^ s"^), arising from the triplet levels 3^D, 4^D, and 4^8,
respectively, with energies at 23.07 eV, 23.73 eV and 23.59 eV above the ground
level. The A6678 singlet line {A = 6.4 x 10^ s"^) arises from the 3^D level at
23.07 eV and decays to the 2'P level. The one He II transition observed, A4686,
{A = 1.4 X 10^ s"') arises from the n = 4 level at 50.80 eV above the ground
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level. Given the large energy differences between the first excited states and the
ground state in He I and He II
,
the most efficient way to populate these states is
by electron capture and cascade following ionization.
The He I singlet and triplet spectroscopic terms do not mix via permitted tran-
sitions. This means that the crucial distinction between the singlet and the triplet
line strengths, and specifically between the simultaneously observed A6678 and
A5876 lines, derives from the nature of the radiative coupling of their lower lev-
els with the ground state. The singlet n^P levels, including the lower level for
A6678 2^P, decay preferentially to the ground state by the strong permitted Lyman
lines l^S-n^P. In particular, the 2^P level decays to the ground via a A584 photon
= 18 X 10^ s"^). In contrast, the preferred decay paths for the triplet levels,
including the A5876 lower level 2^F, all lead to the lowest triplet level, 2^8, which
is extremely metastable {A = 1.3 x 10"'* s"^) and are radiatively coupled to the
ground state only by forbidden transitions. The A5876 lower level 2^F decays to
the ground state by a forbidden inter-system A591 photon that violates the dipole
selection rule for allowed spin changes between transitions.
Under conditions of low density where the Lyman resonance transitions are not
very optically thick, emission in the triplet lines, including A5876, will be favored
over that in A6678. The singlet A6678 lower level population is quickly depleted
by the resonance transition. Therefore enhancement of the A6678 intensity over
the pure recombination value by collisional excitation of its upper level from 2^P
or from the metastable level 2^S is unlikely. At densities high enough to make the
resonance transitions very optically thick, however, a larger population of the A6678
lower level can be sustained. Collisional excitation from either 2^P or 2^S can then
enhance the intensity of A6678 over that arising from pure recombination. For the
triplets, on the other hand, the metastability of their lowest level 2^S allows the
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buildup of population, and in turn makes collisional excitation of their upper levels
more likely even at low densities. Collisional excitation from either or 2^? to
the 3^D, i^D and i^S levels can enhance the intensities of A5876, A4471 and A4713
over their pure recombination values. An increased collisional coupling between the
singlet and triplet levels as might occur at higher densities would allow the transfer
of population between the two spin systems and drive the level populations towards
their thermal equilibrium values.
The He II n = 4 level gives rise to three transitions, A4686, the resonance A243
line {A = 2.05 x 10« s"^) and A1215.1 {A ^ 1.35 x 10» s-^). The latter line is only
0.6 A away from the center of the Lyman a transition of hydrogen, expected to be
very strong in CTTS. The resulting fluorescence of the n = 4 level may the most
important factor affecting the observed intensity of He II A4686 in CTTS.
2.3.2. The Sample and Parameter Fits
The echelle spectra used in this He I emission line study have formed the basis
for two previous publications on the Balmer and forbidden lines in 32 cTTS and
10 weak emission T Tauri stars (EHGA and HEG). All spectra were taken with
the 4 meter Mayall telescope at KPNO with a velocity resolution of ~12 km s~^
The spectra cover two wavelength regions, the red, with wavelength coverage «
AA5000-6800 A and the blue, with wavelength coverage ^ AA4000-4950 A. These
were observed non-simultaneously. The data reduction for these spectra, including
determination of the veiling and discussion of how the residual emission profiles are
obtained, is fully described in the two previously published papers. Every object
in those studies is considered here, with the exception of RY Tau, the only object
which exhibits an absorption profile at A5876. Among the 31 remaining CTTS, 8
are known to be binary systems (DD Tau, DF Tau, DK Tau, DL Tau, DQ Tau,
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GG Tail, UY Aur and UZ Tau E) and 9 are known to be single stars (AA Tau,
BP Tau, DE Tau, DN Tau, DO Tau, DS Tau, GI Tau, GK Tau and GM Aur); see
Leinert et al. 1993, Mathieu 1994, Mathieu et al. 1996, Mathieu et al. 1997, Simon
et al. 1992, Simon & Prato 1995 and Simon et al. 1995. The multiplicity for the
other stars is unknown. Among the binaries, DF Tau is a close binary (Thiebaut
et al. 1995) and DQ Tau and UZ Tau E are spectroscopic binaries. GuUbring et
al. (1998) note that the stellar luminosity of DF Tau is too large for its spectral
type and suggest that a correction for the secondary component may be necessary.
Sixteen of the 31 CTTS were repeatedly observed in the red and 6 were repeatedly
observed in the blue, from 2 to 5 times. The line profile in the majority of objects
with repeat observations is variable, making it necessary to designate a single epoch
(henceforth the 'reference sample') to be included in the study of the entire sample.
The variability aspect will be addressed later. The first criterion for selecting the
reference sample is to maximize the magnitude of the FWHM in the strongest line,
A5876 in the red and A4471 in the blue. Among epochs with comparable profile
morphology, the epoch with optimal S/N of the simultaneously observed weaker
lines was selected for the reference sample. Finally, for a few objects observed in
the blue, the selection criterion is modified to favor the epoch where A4471 exhibits
the smallest degree of blending from Ti II .
Among the observed unblended lines, A5876 is detected in every object in the
reference sample and is the most prominent optical line after Ho;. For the pur-
poses of this chapter, it shall be considered as the prototype of He I emission and
constitutes the starting point for analysis. The most striking characteristic of the
He I A5876 profiles in the reference sample, immediately evident from Figures 3
and 4, is the range of morphologies presented. The profiles admit a classification
into three types: broad (N= 3), composite (N = 19) and narrow (N = 9). Of the 10
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WTTS observed, only three, displaying narrow profiles, have detectable emission in
A5876. Narrow profiles are symmetric and can be well fit by a Gaussian function; in
contrast, broad profiles are generally asymmetric. A profile is considered composite
if its overall shape is not Gaussian and if, in a two-Gaussian fit, its components
differ in FWHM by at least a factor of 3.
Figure 5 shows a superposition of A5876 profiles and the corresponding average
in each of the morphological types. Objects within the narrow type exhibit a com-
parable width and centroid velocity. Further, the narrow profiles and the narrow
cores of the composite profiles appear indistinguishable, as shown by the averages.
On the other hand, both the broad profile average and the composite average wings
display similar blueshifted asymmetry. The near uniform properties of the narrow
profile/core, the distinct contrast and the large range in relative strength between
the narrow profile/core and the broad profile/base, and the often simultaneous
presence of both emissions indicate that the above characteristics are not due to
line-of sight projection effects of a single emission region, but that at least two dis-
tinct regions, of widely differing kinematic properties, contribute to the He I line,
as originally postulated by Hamann k Persson (1992).
In order to obtain a quantitative characterization of the profiles, the narrow and
composite group members were fit with single and double Gaussian functions, re-
spectively. The relative amplitude, width and centroid of each Gaussian are the
undetermined parameters. Fits are optimized by minimizing the statistic, and
uncertainties in the parameter estimates are calculated by inverting the curva-
ture matrix of the function evaluated at the best fit parameter set (Press et al
1992). The resulting formal errors in the estimates rarely exceed 10% except in
a few objects with weak emission and low S/N, where the errors may reach 20-
30%. Unconstrained Gaussian fits yield adequate descriptions in the majority of
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cases except for the objects UY Aur, RW Aur and DR Tau which can at times
exhibit pronounced asymmetries. For these objects optimal fits required setting
the centroid velocity of the narrower component to a value estimated by visual
examination of the profile core. In these cases, the uncertainty in that centroid
velocity is between 5 and 7 kms~^ .
Results from the best Gaussian fits for each transition show that the parameter
sets for the narrow profiles and for the cores of the composite profiles are indis-
tinguishable within the errors of estimation, allowing a consistent definition of the
narrow component, or NC, for each transition. The double Gaussian fits for a com-
posite profile also yields parameter fits for the broad profile underlying the NC. As
they are both much broader than the NC, the broad components in the composite
profiles and the broad profiles are considered together as the Broad Component or
BC. The near uniformity of the NC parameters and the small associated uncer-
tainties allows the NC to be well characterized. This permits the subtraction of
the best fitting NC parameters from each composite profile in order to obtain a
residual BC profile that can be examined in greater detail (see §4). The latter is
uncertain at velocities that underlie the NC\ between -50 and +50 km/s; therefore,
the residual BC profile is replaced by the best BC Gaussian fit. In our sample, the
NC is detected in every He I line and in the He II line, while the BC is detected
and free of blends only in He I A5876 and A6678.
The best fit profiles are superposed on the observed A5876 profiles in Figure 3. A
comparison between the NC and the BC best fit parameters for A5876, illustrated
in Figure 6, shows that they have clearly distinct distributions. The NC kinematics
are discussed more fully in the following section. Here it is noted that the NC
quivalent widths show no relation to the observed excess continuum emission, or
veiling', contrary to expectation if the NC emission is due to the cooling of gas
e
22
heated in the accretion shock. Figure 7 shows the NC equivalent widths versus the
observed veiling for the reference sample. The figure suggests that the ennssion
responsible for the veiling is a complex variable that may not be directly linked to
the properties of the NC emission region. In contrast, the BC equivalent width
distribution suggests a weak correlation with veiling. Indeed, in the section on
the BC, evidence is presented to suggest that the BC is itself composite and that
CTTS possess more than one source of veiling continuum emission.
In the following section, the results for the NC in the four He I lines and the
He II line are described. The BC is considered in §4.
2.4. The Narrow Component
The NC FWHM and centroid velocity distributions found for each transition
are shown in Figure 8 and their averages are listed in Table 1. Within a given
transition, the NC exhibits a narrow range of the FWHM and centroid velocity.
Among He I transitions, however, the stronger line displays the larger FWHM as
noted by Hamann & Persson (1992). Thus He I A5876 exhibits an average FWHM
of 47 ± 7 kms"^ while the weaker He I A4713 has an average FWHM of 34 ± 9
kms~^ . The He II A4686 line exhibits a larger FWHM than the simultaneously
observed He I lines, with average FWHM of 55 ± 10 kms~^ . The bulk of the
He I centroids are at rest with respect to the stellar photospheres; however, a few
objects show centroid velocities redshifted by < 17 km s~^ . In contrast, most of the
He II centroid velocities are slightly redshifted, by < 19 kms"^ . These kinematic
properties are in accord with earlier findings for the NC in samples including our
program stars as well as other CTTs (Boesgaard 1984; Appenzeller, Jankovics k
Jetter 1986; Appenzeller, Reitermann & Stahl, 1988; Hamann k Persson 1992;
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Batalha et al 1996), and are consistent with an origin in the post shock region in
the magnetospheric accretion model.
The somewhat smaller widths observed in the weaker He I may result from lower
opacities in these lines, which arise from higher levels and possess smaller transi-
tion probabilities than does A5876. The redshift of the line centroid from the stellar
velocity is consistent with line-of sight projection for the small infall velocity (rang-
ing from ~ 80 to 0 kms"^ ) of the post-shock region. The larger widths and more
redshifted centroid velocities for the He H line suggest that it may originate in the
earlier part of the post-shock region where temperatures, ionization fluxes, and gas
velocities are higher.
The A^C is variable; however, its kinematic properties at the different epochs are
still consistent with a postshock region origin. Table 2 lists the variation observed
in the NC in objects with multiple observations and shows that the FWHM is
observed to change by as much as 21% from its value in the reference sample. The
centroid velocity varies by as much as 13 kms~^ from its value in the reference
sample; however, centroid velocities remain centered on the stellar photospheric
velocity or moderately redshifted.
2.5. The A5876 Broad Component
In this section the properties of the BC in A5876 are established and it is argued
that the BC emission is itself composite, including contributions from at least two
independent regions. The kinematics of the BC are presented first and confronted
with the predictions from an axisymmetric magnetosphere aligned with the stellar
rotation axis. The redshifted emission properties are found to be consistent with a
magnetospheric origin, while the blueshifted BC emission properties indicate that
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a wind origin is likely. The data further suggest that the redshifted and blueshifted
emission in the BC each bear a distinct relation to the NC emission region and
that a source of veiling other than the accretion shock must exist in at least the
CTTS with dominant BC emission but undetectable NC emission.
2.5.1. Evidence for a composite BC: Kinematics
Figure 9 shows the residual profiles in decreasing order of BC/NC, extracted
according to the procedure in §3. The BC was detected in 22 of the 31 objects in the
reference sample. For the majority, the formal uncertainties in the best fit FWHM
and centroid velocities are < 5 kms"^ . Comparing objects with indistinguishable
profiles at different epochs yields estimated uncertainties that are ~5 kms~^ for the
centroid velocities, < 10 kms"^ for the FWHM, and between 25 and 50 kms~^ for
the wing velocities at zero intensity.
The residual BC exhibits a range of morphologies, in marked contrast to the
NC. In addition to the variety of emission profiles, five of the objects in the
sample, RW Aur, DR Tau, YY Ori, GM Aur and GK Tau, exhibit redshifted
absorption at some epoch of observation, suggestive of high velocity infall. The
AS 353A profile may also suffer from redshifted absorption. For these objects the
measured FWHM, centroid velocity, red wing velocity and equivalent width are
most likely underestimates of the unattenuated emission properties.
The emission BC displays FWHM between 128 kms~^ and 287 kms"^ . The
centroid velocities are blueshifted (/i^c < 5 kms"* ) in 12/22 of the objects and
redshifted {/jLec > 5 kms~^ ) in 5/22 of the objects, with the maximum blueshift as
high as -93 kms~^ and the maximum redshift as high as 35 kms~^ (cf. Fig 6). For
the remainder (5/22), the centroid velocities are at rest with respect to the stellar
photosphere. The blue wing velocities at zero intensity range from -175 kms"^ to
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are
-900 kms-i
,
with average
-313 ± 162 kms'^ (N =. 22). The wing velocities
<= -300 km s-^ for 11 of the 22 stars, with 10 of these displaying velocities between
-300 and
-500 kms'^
.
The velocities lie between -200 kms"^ and -300 kms^^ for
36% (8/22) of the objects and are -175 kms"^ for DD tau, DE Tau and YY Ori.
The red wing velocities at zero intensity for the majority are fairly uniform, with
average 216 ± 78 kms-^ (N = 22). Only 5 objects (CW Tau, DG Tau, DL Tau
and DO Tau) possess red wing velocities in excess of 200 kms"^ at zero intensity.
Among objects with detectable BC emission, DG Tau exhibits direct spectro-
scopic evidence for the presence of a wind in He I. In addition to prominent emission
centered on the photospheric velocity, the BC displays asymmetric wings with more
blueshifted than redshifted emission. Although the red wing is cut off by P Cygni
absorption in the nearby sodium D2 line, the blue wing extends to -900 kms~^ .
Comparing the He I A5876 blue wing morphology with the simultaneously observed
Ho; line at two epochs different from the reference epoch suggests that a wind is
present. Figure 10 shows the superposition of the observed profiles in He I A5876
and Ho; at the three epochs when this object was observed. At two epochs the
He I A5876 blue wing displays a blueshifted feature between -175 kms~^ and -350
kms~^
. In the simultaneous Ha profiles a spectral feature is found at the same
velocity and with a similar morphology, suggesting that blueshifted absorption may
be responsible for both. The DG Tau spectrum in Alencar k Basri (2000) exhibits
a spectral signature at ~-230 kms~^ in He I A5876 that appears similar to absorp-
tion features at ~ -200 kms~^ in both the simultaneous Ho; and 11/3 profiles. If
due to blueshifted absorption, then this is direct evidence of outflowing gas. Alter-
natively, the blueshifted features in both He I and Ha may be due to a separate
emission component. Its centroid velocity in He I A5876, which lies between -235
kms~^ and -275 kms"^ for our DG Tau spectra, would then place it at the base
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ion
of the jet observed in the forbidden lines of DG Tau (HEG). If the absorpt
interpretation is correct, however, the centroid velocity for the unattenuated BC
emission in DG Tau will be blueshifted. Rough estimates of the centroid velocity
in this case can be obtained by fitting a Gaussian function to the He I A5876 pro-
file that exclude the region between ~
-250 kms'^ and ~ 50 kms-^
,
the latter
limit to avoid the uncertainty associated with the extraction of the residual BC
from the observed profile. For the epochs with tr = 2 and r^ = 3, such fits yield
/isc = -68 kms"^ and ^bc = -56 kms"^
,
respectively. For the = 3.6 epoch,
which is displayed in Figure 9 as part of the reference sample, this technique can
not be applied. The centroid velocities for DG Tau in Figures 11a and lib are as
measured from the residual BC profile, but marked with an arrow indicating that
a more a blueshifted value is probable.
For the ensemble of 22 objects, the presence of both blueshifted and redshifted
centroid velocities as well as the blueshifted wing velocities provide constraints to
the origin of the BC emission. In what follows, the feasibility of the magnetospheric
accretion model for producing the He BC emission is assessed by comparing the
model predictions with the BC centroid velocity fiBC and the maximum blue wing
velocity.
In the magnetospheric accretion model the flow is coupled to the field, so that
the poloidal velocity is parallel to the field lines (Ghosh, Lamb k Pethick 1977).
For a dipolar stellar magnetic field that is aligned with the stellar rotational axis
and corotating at the stellar angular velocity Q*, it can be shown that the poloidal
velocity Vp at a polar angle B is given by
V. ^^sm^^J^^ - 1 - (l
-sm^^J,\sm^ / sm^o ^ ^
where 9o is the polar angle of the field line at the stellar surface, and M* and
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are the stellar mass and radius respectively. This value follows by calculating the
work done on a test particle by the gravitational and centripetal forces acting along
a path determined by a dipolar streamline. With
(Ssin^^ - 2)
(l + 3cos2^)^/2'
it can be seen that the root of is at ^ = arcsin
^f, so that a particle falling along
a field line onto the star will have a positive v, when it is at polar angle 9 > 54.7°
and negative at 9 < 54.7".
Previous work on the expected hydrogen Balmer and other metallic line emission
including line strengths and velocity profiles has been carried out for non-rotating
magnetospheric accretion (e.g., see Calvet & Hartmann 1992; Hartmann, Hewett &
Calvet 1994; Muzerolle, Calvet & Hartmann 1998; Muzerolle, Hartmann & Calvet
1998). However, no published work is extant on the expected emission from a
rotating magnetosphere. Maximum poloidal, v, and line-of-sight infall velocities
with and without rotation are presented for a typical set of CTTS parameters and
for a range of magnetospheric sizes in Table 3. A stellar mass of = O.5M0,
stellar radius of = 2.0RQ (HEG; Hartmann et al. 1998), Prot ~ 8.5 days
(Edwards et al 1993) and inner disk hole or magnetospheric size between 5/?* -
7R^ (Konigl 1991) are the currently accepted typical values for CTTS. For these
parameters the free-fall velocity is ~309 kms~^
,
the stellar angular velocity is
Q,* ~ 8.6 X 10~^ rad s~^ and the stellar rotational velocity ~ 12 km s"^ . Table
3 shows that for magnetosphere sizes Rb between 2R^ and 5R^ the centripetal term
has little effect on the velocities. For 6/?*, however, the stellar rotation truncates
the observed and poloidal velocities to about half their size without rotation for
6 > 54.7, and for larger sizes still, there is a range of polar angles for which the
centripetal term is dominant. For instance, at Rb — 6.5/2*, 7R* and SR*, a particle
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starting at polar angle greater than 72.0^ 63.7° and 53.3^ respectively, has such a
large rotational kinetic energy that no infall can occur.
The emission from an aligned rotating magnetosphere can be thought of as arising
from axisymmetric rings of successively smaller radius as the polar angle decreases
from its value at the disk plane 9 = 7r/2 to its value at the stellar latitude, 9,,
where the dipolar field lines intersect the stellar surface. For an axisymmetric
ring of emitting particles, the line profile is symmetric about a centroid velocity of
~v, cos I where is the velocity of a particle along the z (symmetry) axis, and i is
the inclination angle of the line of sight from the z axis (Kwan & Tademaru 1995).
Thus an axisymmetric ring of particles will produce emission to the blue if v, is
positive and emission to the red if is negative.
He I emission in the funnel flow is likely to be produced by recombination and
cascade. Given the high UV flux needed for ionization, He I emission at 6* < 54.7°
probably dominates that at 6* > 54.7". We propose that the emission in the mag-
netospheric funnel flow at 6* < 54.7" is largely responsible for the BC when it
has a redshifted centroid velocity (e.g. DF Tau, DO Tau, DD Tau, YY Ori, DS
Tau). The same argument will preclude the magnetospheric funnel flow from being
responsible for the BC when it has a blueshifted centroid, as we now show.
Table 3 lists the maximum blueshifted centroid velocity (columns 3 and 4) and the
maximum poloidal velocity (columns 7 and 8) that occur at each magnetospheric
size. Blueshifted centroid velocities diminish rapidly as the magnetosphere size
increases and infall starts at greater distances from the gravitational potential. The
effect is more pronounced when stellar rotation is taken into account, so that, with
the above parameters, the centroid velocity that would result is Vz ~ —21 kms"^ or
redward for magnetospheric sizes larger than 5i?*. At Rb — 2i?* rotation has little
eflfect and the largest centroid velocity is ~ -45 kms~^ . Similarly, with the
29
above parameters, emission in the magnetosphere cannot produce wing velocities
blueward of
-309 kms^^ or ~ -275 kms^ if rotation is included. This range
of centroid velocities and wing velocities is not consistent with the observations.
Figure 11a shows the blue wing velocities at zero intensity plotted against the
centroid velocity /i^c for every object with BC detectable emission (N = 22). For
objects with multiple observations, the starred object name refers to the epoch
included in the reference sample; the unmarked object names denote observations
of these objects at other epochs. The maximum predicted magnetospheric centroid
and wing velocities are marked in the figure with dashed lines. As can be seen from
the figure, 18% of the stars display centroid velocities blueward of -45 kms~^ and
41% of the stars exhibit blue wing velocities more blueshifted than -309 kms~^
.
Further, at an average inclination angle of 60^ the predicted centroid velocities
-v^cosi are a factor of 1/2 times those in columns 3 and 4 and the predicted
maximum poloidal velocities Vlqs = -VRsini - v.cosi, for the cylindrical radial
velocity vr and components, are as listed in columns 10 and 11 of Table 3. Thus
the discrepancy between the values predicted by the magnetosphere and those
observed is likely to be more severe than suggested by Figure Ua.
Consideration of the redshifted absorption expected to arise from the funnel flow
when viewed along lines of sight that intersect the accretion shock does not help
the case for the magnetosphere. Although redshifted absorption naturally produces
emission that is blueward-asymmetric, restoration of the redshifted absorption sig-
nature to an observed profile cannot affect the position of a peak that is blueshifted.
Finally, as mentioned above, the excitation conditions probably do not favor
emission at ^ > 54.7°, due to attenuation of the ionizing radiation by the inter-
vening column. Recent calculations of the emerging spectrum from an attenuated
postshock and optically thin preshock regions (Calvet & Gullbring 1998) indicate
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that the extent of the preshock region is < 1% of the stellar radius. Therefore pho-
toionization from the accretion shock alone is unlikely to be a source of excitation
of magnetospheric column gas at 9 > 54.7^ In the absence of a nearby photoion-
ization source, therefore, the BC emission for objects with blueshifted centroid
velocities fiBC > -45 kms~^ and wing velocities redward of
-309 kms"^ (CI Tau,
DQ Tau and GK Tau, see Figure 11a), while not kinematically incompatible with
a magnetosphere origin, is not likely to arise there.
We conclude that a second component, besides the funnel flow, is required to
produce most of the He I emission in at least those stars with BC centroid velocity
blueward of
-45 kms"'
,
and is needed to produce at least part of the He I emission
in the stars that display BC wing velocities blueward of -309 kms~^
. The v,
needed to produce a large blueshifted centroid velocity if the emission possesses
axial symmetry, together with the speed necessary to produce the broad line width,
suggest a wind as the source of the BC emission in these cases. Disk occultation of
the receding part of the outflow can produce the blueshift. These considerations are
summarized in Figure 11a, where the labels "WD" for "wind-dominated" and "AD"
for "accretion-dominated" are applied to the objects with /ibc < -45 kms~^ and
objects with fiBc > 5 kms~^
,
respectively.
2.5.2. Evidence for a composite BC: Line Strengths
The arguments presented above for the case of an accretion component and a
wind component for the BC have been based solely on the relation between a line
profile and gas kinematics. In this subsection, we define the strength of the BC
relative to the NC as the ratio of the BC and NC equivalent widths or BC/NC,
and then examine the relationship of this index to the BC centroid velocity fiBc-
Estimates of the equivalent width for the wind and accretion contributions to the
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BC are obtained and related to the NC equivalent width. Together, all three hnes
of research lend further support to the notion that the nature of the BC, when
redshifted, differs from that when it is blueshifted.
Figure lib shows BC/NC plotted against ^^c for every object in the reference
sample. For the three objects with undetectable NC emission, AS 353A, CW Tau
and HN Tau, upper limits for the NC equivalent widths were estimated by fitting
a double Gaussian to the observed profiles, with one of the components set to the
mean NC FWHM and centroid velocity from the 31 objects in the sample. Dotted
lines connect the BC/NC values for each star observed on more than one epoch. It
can be seen from the figure that when the BC is redshifted the range in BC/NC is
small, between ~0.4 and ~1. In contrast, when the BC is blueshifted the range in
BC/NC is much larger, between ~0.6 (BP Tau) and ~ 38 (DG Tau). In addition,
the blueshifted BC accounts for most of the cases where the BC is dominant;
significantly redshifted (i.e, with hbc > 5km s~^ ) and dominant BC emission is
not observed in our sample.
With the interpretation of the BC redshifted emission as originating from 9 <
54.7'' in the magnetospheric funnel flow, and the NC as arising from the post-shock
region of the same flow, the small range of BC/NC for the redshifted emission is
understandable in terms of a likely relationship between the emission from the two
regions. In contrast, the much larger range in BC/NC when the BC centroid
velocity is blueshifted suggests that the mechanisms of formation for the NC and
the BC in this case are different, as is probable if the blueshifted emission arises in
a wind that may not have a strong relation with the magnetospheric accretion. In
addition, it can be seen from Figure 11a and lib that every object with a centroid
velocity more blueshifted than -45 kms~^ and with blue wing velocity at zero
intensity more blueshifted than -309 kms~^ also exhibits a BC/NC > 1. These
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velocity limits were identified above as the maximum blueshifted centroid velocity
and wing velocity that can be generated in a magnetosphere. Therefore, if the
wind hypothesis for the origin of the blueshifted BC emission is correct,
the dominance of the BC in the observed profiles is due to the wind.
There are two objects in Figure 11 that deviate from the trend established by
the majority, HN Tau and DG Tau. In HN Tau the NC is undetectable yet it
exhibits the broadest BC FWHM and a centroid at the stellar velocity. In the
above interpretation these properties imply that the BC emission arises from a
spherically symmetric wind and is observed nearly edge on to the disk. In DG Tau,
discussed above, the centroid velocity of the emission is blueshifted if the absorption
interpretation of the blueshifted features shown in Figure 10 is correct. This would
bring it into closer agreement with the other objects with dominant BC emission.
The trends exhibited by the reference sample in Figure lib, namely that the
blueshifted emission displays a larger range of BC/NC than the redshifted emission
and that the BC tends to be blueshifted when dominant, are also suggested by an
examination of the BC in objects with multiple observations. The time coverage
was erratic and intermittent, rendering conclusions from this set of observations as
only suggestive. Figure 12 shows a superposition of the observed profiles for every
star with multiple observations. Except for BP Tau, CI Tau and GM Aur, every
other object exhibits measurable changes in the profile. For the latter, the figure
shows that when the BC decreases relative to the NC, it is the blueshifted emission
that decreases in most cases (the exceptions are DG Tau and DL Tau each at one
epoch). In contrast, the redshifted emission appears to vary less with respect to the
NC. The paucity of blueshifted emission as the BC contribution decreases means
the centroid velocity of the remaining emission is less blueshifted, consistent with
the findings of Figure lib for the reference sample. In other words, when the BC
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relative strength increases to become the dominant contribution, the chant^c^ (with
respect to the NC) is most often achieved by increasing the bhicshifted, rather
than the redshifted emission. This is true for every object with significant profile
changes, whether redshifted absorption is present or not, and suggests that the
blueshifted emission is more variable than the redshifted emission. However, that
notion can be validated only by contiguous time coverage.
Further support for the notion of a composite BC can be obtained by comparing
estimates of the line strength for the BC wind and accretion contributions to the
NC line strength. If our interpretation is correct, then the accretion component
and the C should show signs of a related origin. Given that these components are
not resolved, the procedure for estimating the wind and accretion component equiv-
alent widths has been approximated in two ways. In the integration method, the
equivalent width of BC residual profiles is measured blueward of -200 kms"^ and
redward of 0 kms"^ as crude estimates of the wind and accretion contributions,
respectively. The -200 kms~^ limit follows from the maximum extent of the blue
wing for objects with redshifted centroid velocities (DD Tau, DF Tau, DO Tau,
DS Tau and YY Ori), for which we have argued that the BC is dominated by
the accretion component (cf. Figures 11a, b). The average blue wing velocity at
zero intensity for these is 210 ± 52 kms~^ . Taking this as a representative of the
accretion component, its contribution in every other object can be minimized by
using only the extreme blue wing. The second or 'wind-fit' method for estimating
the strength of the wind contribution is based on the shape of the blueshifted wing
in the profiles of objects that we believe to be dominated by the wind, namely AS
353A, CW Tau and HN Tau. Using the Gaussian parameters that best describe
the blue wing in these objects, the strength of the wind contribution in every other
object with detectable BC emission can be estimated by calculating the best fitting
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amplitude and equivalent width of such a Gaussian, using only the profile blueward
of
-200 kms-^ to constrain the fit. The accretion contribution follows by taking
the difference of the latter estimate from the total BC equivalent width. For this
purpose, the broad profile average presented in the uppermost left panel of Fig-
ure 5 including AS 353A, CW Tau and HN Tau was used as representative of the
wind-dominated objects. In fact, the average profile that results is indistinguish-
able from that in Figure 5 if the UY Aur and DG Tau BC residual profiles, also
believed to be dominated by the wind as argued above (cf. Figs lla,b) are included
in the average. The Gaussian parameters for the wind average profile have centroid
velocity ~ -56 ± 4 kms'^ and FWHM ~ 272± 4 kms"^
,
by fitting it from -400
kms~^ to 100 kms"^
.
Figure 13 shows the NC equivalent width plotted against the resulting estimates
of the wind and the accretion line strengths, with the equivalent widths from the
'integration' method plotted in the upper panels and those obtained from the 'wind-
fit' method plotted in the lower panels. It can be seen from the figure that both
methods yield similar values for the equivalent width of each component. The most
important result, however, is that the NC is distinctly related to the wind and to the
accretion components. The NC equivalent widths tend to increase as the accretion
component equivalent width increases. The suggested correlation of the NC line
strength with the estimate of the BC accretion component provides support for
the interpretation of the redshifted BC as emission from the funnel flow gas just
before it reaches the accretion shock and emits as the NC. In contrast, although
the number of objects with a measurable wind contribution (as defined above)
is small, the NC equivalent widths decrease as the equivalent width of the wind
component increases. Extreme examples are found in the objects AS 353A, CW
Tau, and HN Tau, which have undetectable NC emission in A5876 and in A6678.
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Non-Simultaneous observations of these objects in the blue He I and He H lines
indicate that when detectable, the emission is dominated by the BC. Although
the A4472 line is blended by Ti H at ~ -250 kms"^
,
it is clearly dominated by
the BC in the observed profiles of AS 353A, CW Tau and DG Tau. None of these
objects has detectable emission in the He I A4713 and He II A4686 lines, which are
otherwise dominated by the NC in the other objects observed in the blue.
The disappearance of the NC emission in these objects at least means that
either the NC emission region is occulted by an increasingly stronger and more
blueshifted BC emission region or that a redistribution of the accretion flow occurs
in the wind dominated objects to favor the wind at the expense of the NC. For
the BC to effectively occult the NC, it would have to be very optically thick at
the photospheric velocities that characterize the NC centroid velocity. This is not
likely to be the case for the wind component, but is likely for the redshifted BC
identified as arising from the funnel flow. However, this component would have to
be very spatially extended to completely cover the NC emission region. Moreover,
the objects with redshifted BC emission are precisely those with the strongest NC
emission among all the objects with detectable BC. The considerations suggest
that the NC becomes intrinsically weaker as the BC emission grows, and, if the
wind hypothesis is correct, becomes increasingly wind dominated. In any case, it
is clear that more than one source of excess continuum emission must exist in at
least those objects with undetectable NC emission. Independent sources of veiling
emission in CTTS could account for the absence of a correlation between BC/NC
and the veiling found in this study and between the NC equivalent widths and the
veiling continuum emission, observed in this and other studies of CTTS (Johns-
Krull & Basri 1997).
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Summarizing, the BC kinematics and the Hkely conditions for its formation differ
according to its centroid velocity. When redshifted, the BC is consistent with an
origin in the funnel flow close to the accretion shock and its strength is comparable
to or weaker than the NC. In contrast, it has been shown that when blueshifted,
the BC kinematics in 41% of the stars with such emission are incompatible with
a magnetospheric origin but consistent with a wind, and that the BC emission in
every object that is thus excluded from arising in a magnetosphere also exhibits
dominant BC emission, with BC/NC > 1. One of the objects in our sample,
DG Tau, exhibits direct spectroscopic evidence for a wind in He I A5876. The
blueshifted BC relative strength ranges from dominant to weaker than the NC,
suggesting that a variety of physical conditions are responsible for its emission. The
BC in individual objects with multiple epoch observations is also blueshifted when
dominant and the blueshifted BC exhibits a larger range of strengths relative to
the NC than the redshifted emission. Together, these facts suggest that when it
is the main contribution to an observed profile, the He I A5876 BC is dominated
by the wind. Significantly redshifted BC emission that is dominant in a profile
is not observed in this study. Finally, the NC equivalent width decreases with
estimates of the blueshifted emission that we have argued arises from the wind.
This suggests that the processes that create the NC emission and the blueshifted
emission in the BC are competitive in nature. Since BC is usually blueshifted when
strong with respect to the NC, and probably wind-dominated, occultation of the
NC by the BC as it becomes stronger and more blueshifted is not likely. For the
three objects with BC emission only, a source of veiling continuum emission other
than the accretion shock would seem to be required to account for the observed
veiling emission but undetectable NC emission.
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2.6. The A6678 BC
In this section the BC emission in the A6678 Hne is discussed. The A5876 and
A6678 lines were simultaneously observed, allowing comparisons in kinematics and
line strengths to extract further clues about the nature of the BC. The A6678 pro-
files differ from those of A5876, suggesting that differences in excitation conditions
are responsible and supporting the notion of a composite BC in He I . The A6678
BC was detected in thirteen of the objects in the reference sample. Estimated un-
certainties are < 10 kms"^ in the FWHM and < 5 kms"^ in the centroid velocities
for most objects. For GG Tau and CI Tau, however, these are probably as high as
~50 kms"^ in the FWHM and ~ 20 kms~^ in the centroid velocities.
Figure 14 shows a superposition of the observed profiles in A5876 and A6678
arranged in decreasing order of the A5876 BC/NC, from which an object-by-object
comparison may be carried out. The figure shows that the observed profiles differ
for the majority of objects with detections in both transitions, and are similar only
in RW Aur, DD Tau and DF Tau. Where they differ, it is generally in the larger
wing velocity for the blueshifted emission in A5876 as in CW Tau and AS353A, or
in the larger strength of the blueshifted emission relative to the NC in A5876, as
in DG Tau, DL Tau, DR Tau, GG Tau, UY Aur and CI Tau. Most of the profiles
are similar in the red wing velocities and in the strength of the redshifted emission
relative to the NC. The exceptions are AS 353A, for which the red wing is more
extended in A6678 than in A5876, and GG Tau, DL Tau and DO Tau, for which
the redshifted emission is weaker relative to the NC in in A6678 than in A5876.
Gaussian parameters for the A6678 BC yield FWHM that range from 132
kms~^ to 284 kms~^ . Centroid velocities are between -74 kms~^ and +40 kms~^
,
with blueshifts in 46% (6/13) of the stars, redshifts in 31% (4/13) of the stars and
38
velocities centered on the stellar photosphere for the remainder. Therefore, while
both blueshifted and redshifted centroid velocities are observed for A6678, the for-
mer are less blueshifted than in A5876. The blueshifted centroid velocities and blue
wing velocities at zero intensity in A6678 are plotted against one another in Figure
15a. Object names marked with asterisks denote the epoch included in the refer-
ence sample; the unmarked object names denote observations of these objects at
other epochs. For A6678, only the objects RW Aur and UY Aur exhibit blueshifted
centroid velocities close to or blueward of -45 krns"^
; the rest have centroids be-
tween -10 kms~^ and -40 kms"^
. Red and blue wing velocities at zero intensity
are similar in A6678, with mean values of 233 ± 68 kms"^ (N = 13) for the red
wing velocities and -261 ± 96 kms"^ for the blue wing velocities (N = 13). For
comparison, the A5876 counterparts have values of 216 ± 78 (N = 22) kms~^ for
the red wing velocities and -313 ± 162 (N = 22) for the blue wing velocities. Al-
though average blue wing velocities are similar for the two transitions within the
dispersion of the mean, a comparison of Figures 15a and Ua shows the blue wing
velocities are smaller in A6678 than in A5876 for the majority of objects.
If the hypothesis of the wind origin for the blueshifted BC emission in A5876
is correct, then the incidence of smaller blueshifted BC emission relative to the
NC in 6/13 observed A6678 profiles and the less extended blue wing velocities
in 3/13 residual BC A6678 profiles suggests that the wind component conditions
are not as favorable to emission in A6678. In contrast, the similar redshifted BC
emission relative to the NC in 8/13 observed profiles and the comparable red
wing velocities for 11/13 BC residual profiles in both transitions suggests that the
infall component identified with the redshifted BC emission in A5876 appears to
be equally hospitable to emission from both transitions.
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Examination of the behavior of the BC/NC index against the BC centroid
velocity fiBc yields the same general conclusions for A6678 as it did for A5876.
However, from the above considerations one would expect that the BC/NC to
BC centroid velocity relation will differ in detail from its counterpart in A5876.
Figure 15b shows the A6678 BC/NC plotted against /.^c for the 13 objects m the
reference sample with detectable BC emission. Multiple observations of individual
objects are joined by dotted lines. As for A5876, objects with the largest BC/NC
also display blueshifted or centered emission. However, unlike A5876, significantly
redshifted emission in A6678 is observed with a range in BC/NC between 0.45 and
2.2. Including DG Tau at the r/^ = 2 epoch, which has a centroid velocity of 11
kms~^
,
the BC/NC range for the redshifted BC extends to ~ 15. Nevertheless,
aside from DG Tau, the A6678 blueshifted BC emission exhibits larger BC/NC
values and a larger BC/NC range than the most redshifted emission, as is the case
for A5876.
Figure 16 shows a superposition of profiles for these objects with multiple epoch
observations that are included in Figure 15. These indicate that as BC/NC de-
creases in the individual objects, the amplitude of the blueshifted emission with
respect to the NC decreases while the redshifted emission varies less or is indistin-
guishable at the various epochs. This is consistent with the multiple epoch findings
for A5876 and supports the notion that a larger range of physical conditions prevails
for the blueshifted emission than for the redshifted emission in individual objects
as well as in the reference sample. Therefore, the data support an interpretation
for the A6678 blueshifted BC emission as arising, at least partly, in the same wind
component that gives rise to the blueshifted A5876 BC emission. The similarity in
the BC redshifted signatures for both lines suggests that the A6678 emission also
originates in the funnel flow for 9 < 54.7°. However, since BC/NC for the A6678
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redshifted emission spans a larger range and has a larger maximum value, than
in A5876, where SC/iVC,,, < 1, this suggests that the infall component favors
emission in A6678.
A comparison between the A6678 and A5876 profiles for the object DL Tau at
the four epochs when it was observed supports the proposal that the A6678 BC
emission is favored by the accretion component. Figure 17 shows A5876 in the left
panels and A6678 in the right panels, with best fits superposed on the observed
profiles. The individual panels are labeled by the value of BC/NC, denoted by /
due to restrictions of space. The figure shows that BC/NC for A5876 decreased
from BC/A^C ~ 9 in the topmost profile to BC/NC ~ 2 at the bottom. The A6678
BC/NC also decreased at the same epochs, and in addition, its centroid velocity
liBC changed from centered on the stellar photospheric velocity to redshifted in the
lower two panels. However, the A6678 profiles in the last two rows changed little, in
contrast to the noticeable decrease in the BC/NC displayed by the A5876 profile.
It was argued in §4 that when the BC dominates the A5876 profiles, it is due to a
wind contribution. With the available multiple epoch data, it has been shown that
as BC/NC decreases, it is predominantly due to a decrease in the BC blueshifted
component for both A5876 and A6678. Therefore a consistent interpretation of the
profile changes in DL Tau is that when the wind contribution decreased in A5876,
the BC blueshifted emission in A6678 could also decrease until the conditions in the
wind were no longer favorable to emission in A6678 (i.e., at the epoch with BC/NC
= 4.6 in A5876). Beyond this point, further decreases in the wind component in
A5876 could have no effect on the A6678 emission, which must have originated
primarily from a different region. This is suggested by the transition in the A6678
BC centroid velocity from blueshifted to redshifted and the near insensitivity of its
profile to the change exhibited by the A5876 profile at the same epoch.
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In summary, the BC emission from A5876 and A6678 show comparable gross
properties. However, the difference in the velocity structure between A6678 and
A5876 suggests strongly that the BC does not arise from a single region as might be
expected if both lines originated from the funnel flow. The blueshifted component
that tends to dominate the BC emission in both lines appears to be less favorable to
emission in A6678 in most cases, leading to a (comparative) deficit of A6678 emission
at the most blueshifted velocities. In contrast, the accretion component emission
identified with redshifted centroid velocities in A5876 seems to favor A6678, so that
comparable emission from both lines is observed at every redshifted velocity. If the
blueshifted He I BC arises predominantly from a region with a large velocity range
where the density decreases with increasing velocity, a deficit of singlet emission
may result at the highest velocities, as observed. In contrast, if the emission with
redshifted centroid velocities arises from a higher density region, both lines would be
expected to have detectable contributions at every velocity, as observed. A rigorous
test of this hypothesis must await detailed statistical equilibrium calculations of the
line intensities. However, further insight into the nature of the NC and BC regions
can be obtained by comparing the He I intensities to their values expected under
conditions of nebular recombination, as is done in the following section.
2.7. Intensity Ratios
The helium optical emission spectrum can most easily be excited under conditions
favorable to ionization followed by recombination and cascade. Level populations
for pure recombination and cascade in the limit of very low electron densities (10^ <
A^e < 10^ cm"-^) have been calculated by Brocklehurst (1972) and more recently,
by Smits (1996). The calculations predict intensity ratios of 7^5876/^6678 = 3.5 and
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hu72/ 1x4713 = 9.8. Calculations that include the effects of intensity enhancement
due to collisional excitation of the A5876 and A6678 upper levels from the mctastablc
2^8 and 2^S levels (see §2.1) for 10^ < AT, < lo^ cm-3 were carried out by Smits
(1991). The results for the intensity ratios are insensitive to the electron density
range considered and deviate from the pure recombination ratios only at =
20 X 10^ K. Specifically, the Ixssie/heeis ratio is raised to 5.1.
The results presented in this section are for simultaneously observed transitions.
In the absence of flux calibrated spectra, we use the measured equivalent widths
as proxy. It is assumed without proof that the veiling plus stellar continuum can
be approximated by a 10^ K blackbody, for which the difference in the continuum
emission at 5876 A and 6678 A is ~ 6% and is even smaller among A4472 A, A4713 A
and A4686 A. Therefore no corrections are applied to the ratios of equivalent widths.
Formal errors of estimation for the NC and BC parameters yield uncertainties in
the NC and BC equivalent widths that are smaller than the errors of measurement
of the observed equivalent width. In addition, since errors of measurement in A6678
and A4713 are larger than in the stronger lines A5876 and A4471, uncertainties in
the ratios are ultimately dominated by errors of measurement for the weaker lines.
Figure 18 shows the NC and BC ratios for the A5876 and A6678 line pair displayed
against the A5876 BC/NC index for every object with detectable emission in at
least one component in both lines. Objects included in the reference sample are
marked with an asterisk. Tables 4 and 5 list the equivalent widths and their ratios
for the red and blue lines, respectively.
2.7.1. The NC
The intensities for simultaneously observed transitions can be compared at
the reference sample in 27 objects for the AA5876,6678 pair, in 12 objects for
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AA4472,4713 pair and in 11 objects for the He I A4472, He II A4686 pair. For
average values of the ratios, the error quoted is the dispersion of the mean.
As can be seen from the lower panel of Figure 18, the results for the NC
AA5876,6678 pair show ratios that lie below the theoretical nebular recombina-
tion value in the great majority of objects. The values are insensitive to the system
veiling. They range from ^1 to ~3 with an average value for the reference sample of
A5876//A6678 = 2.0± 0.6 (N = 24). Of the objects with NC ratios compatible with
the theoretical nebular recombination value the majority are subject to errors of
measurement greater than 10% in both A5876 and A6678. That the NC ratios are
smaller than the nebular recombination value suggests to us that the He I A5876
line is becoming optically thick. Further, the nearly uniform distribution of NC
ratios suggests that a fairly uniform range of physical conditions prevail in the NC
emission region.
For the blue He I triplet pair, A4472,A4713, the uncertainties are larger than for
the A5876,6678 pair. About half of the objects (5/12) have ratios consistent with the
theoretical nebular recombination value while the remainder are below it. The mean
value for the NC A4472,A4713 ratios is 6.0 ± 3.4 (N = 11). For the He I A4472 and
He II A4686 pair the observed NC ratios have a mean value of 1.7 ± 1.1 (N = 11).
The nebular recombination value for this ratio is /a4472//a4686 = OM{NHe+/NHe++)
(Osterbrock, 1974). Assuming that the lines are due purely to recombination and
cascade, a range of A^//e+ /A^i/e++ between 19 (DR Tau) and 104 (UY Aur) would
bring the theoretical ratios into agreement with the observed ones.
2.7.2. The BC
The BC intensities in the reference sample can be compared for the A5876,A6678
pair in 13 objects. The upper panel of Figure 18 shows that the BC ratios range
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nearly over a factor of 7, suggesting that a variety of plrysical conditions may give
rise to the BC emission.
Ratios for objects with multiple observations provide suggestive evidence of how
variations in the BC/NC index affects the ratios. These show that variation
BC/NC can occur without concomitant changes in the strengths of the lines,
in UY Aur, GG Tau and one epoch in DG Tau. They also show that for
objects, the BC ratio is higher when BC/NC is lower in A5876 and A6678, as
DR Tau, RW Aur and two epochs in DG Tau. It was shown in §4 and §5 that as
BC/NC decreases in objects with multiple observations, it is predominantly due
to a decrease in the blueshifted BC emission relative to the NC. Therefore the
larger ratios for smaller BC/NC observed in DR Tau, RW Aur and DG Tau are
predominantly due to a deficit of blueshifted emission in A6678 relative to A5876.
For DG Tau at the epoch with the largest ratio {tr = 2), the blueshifted emission
in A6678 became undetectable at velocities blueward of -150 km s~^ . In contrast
the A5876 line at the same epoch showed detectable emission extending to velocities
of
-500 kms~^ (See Figures 12 and 16). Although the multiple epoch observations
do not by any means constitute an adequate sample, these results support the
notion advanced at the end of the previous section, that the wind component is
less dense than the infall component and that a decreased wind contribution can
sustain A5876 emission better than it can A6678 emission.
Finally, the ratios for the object DL Tau (discussed in the previous section), illus-
trate what happens to the line strengths when the blueshifted emission component
no longer dominates the profiles and the BC emission from the redshifted compo-
nent is comparable to the blueshifted component. As the A5876 BC/NC decreased
from ~9 to ~5, comprising 3 of the 4 epochs of observation, the ratios showed no
change (these epochs correspond to the top three panels of Figure 17). However,
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as DC/NC decreased in A5876 from ~5 to 2, and in A6678 from 2 to ~1, the ratio
decreased by a factor of 1.8 (these epochs corresponding to the bottom two panels
of Figure 17). At the latter epoch the observed profiles of A5876 and A6678 are
no longer BC dominated and are indistingnishable, as shown in the bottom-most
panels of Figure 17. As can be seen in the Figure, at the epoch with lowest BC/NC
in both lines the blueshifted ennssion (relative to the NC) decreased to its lowest
observed level in A5876 and the A6678 profile became insensitive to the change in
A5876. The fact that the BC ratio is lowest at this epoch is consistent with the
hypothesis that the blueshifted emission arises in a wind that is less dense than the
infall region associated with the infall component. Within this hypothesis, when
the wind contribution ceases to dominate the emission the infall component pro-
vides more nearly similar emission in both transitions, moving the ratio closer to
unity.
2.8. Discussion
An important result of this work is that the He I BC emission is composite,
including the contributions from a wind component and an accretion component.
That a wind component should have been found in He I is not surprising given
the prevalence of winds in permitted and forbidden transitions in these objects.
Published He I A5876 spectra for objects in our sample that have been included in
previous studies (Hamann k, Persson 1992; Batalha et al. 1996; Muzerolle et al.
1998; Alencar h Basri 2000) reveal that despite the extreme variability for which
CTTS are known, the properties of the He I A5876 BC emission found by other in-
vestigators is similar to those established by this study. The published data support
the relation between the BC centroid velocity and the relative strength of the BC
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(cf. Fig 11), and the trend of larger BC variability in the blueshifted emission than
in the redshifted emission shown by our multiple epoch observations of individual
objects (cf. Fig 12). Of particular interest are the published profiles of the ob-
jects CW Tau and AS 353A, which in this study show wind-dominated signatures
in the one epoch of observation available. In published work, CW Tau exhibits
BC dominated profiles and shows variations in its BC centroid velocity, from -150
kms-i (Muzerolle et al. 1998), to -87 kms'^ (this study), to -58 kms"^ (Alencar
k Basri 2000), all consistent with wind-dominated conditions. Similarly, AS 353
A
shows BC dominated profiles with blueshifted centroid velocities (Hamman & Pers-
son 1992; Alencar & Basri 2000), suggesting that the dominance of wind-dominated
emission is not a transient phenomenon in these objects. The object for which there
is a significant diflFerence between ours and published spectra is the spectroscopic
binary DQ Tau (Basri et al. 1997), for which the A5876 profiles have been observed
to be blueward or redward asymmetric, depending on orbital phase of the binary.
Given the identification of a wind origin for the bulk of the He I A5876 blueshifted
BC emission, it is timely to investigate whether it shows any relation to the [01]
jet emission observed in CTTS (See Figure 5 of HEG). Among the 31 CTTS, N =
13 display [01] emission with a separate blueshifted peak, N = 4 exhibit blueward
asymmetry and blueshifted centroid velocities, N = 9 exhibit blueward asymmetry
and centroid velocities centered near zero kms~^
,
and N = 5 exhibit profiles with
symmetric profiles centered near zero kms~^
,
or redshifted asymmetric profiles.
Of the 13 stars with a separate blueshifted peak in the [01] emission, 10 possess
He I BC/NC > 1 (AS 353A, CI Tau, CW Tau, DG Tau, DL Tau, DR Tau, GG Tau,
RW Aur, DE Tau Sz, UZ Tau E), including all but one star with the most prominent
and blueshifted peaks in [01]. The latter group includes 8 stars with blueshifted
He I BC centroid velocities and 2 stars with He I BC centroid velocities near zero
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kms- (DE Tau & UZ Tau E). The 3 other stars with a separate bluesh.fted peak
in the [01] emission are DF Tau and DO Tau, with redshifted He I BC centroid
velocities and BC/NC < 1, and DK Tau, with undetectable He I BC ennssion.
Among the stars with no separate blueshifted [01] peak, 4 have He 1 BC/iVC> 1
(HN Tau, UY Aur, DQ Tau, & GM Aur), 6 have He I BC/NC ^ 1 (AA Tau, BP
Tau, DD Tau, DS Tau, GK Tau, & YY On), and 8 have no detectable emission in
the BC (CY Tau, DN Tau, FM Tau, FP Tau, GI Tau, HK Tau, LK Ca8 & V836
Tau). In summary, the majority of stars with dominant BC emission in He I also
possess jet emission in [01] while the majority of stars with weak or undetectable
BC emission in He I show no sign of [01] jet emission. However, the association
of strong [01] jet emission with no detectable wind emission in He I and of strong
He I wind emission with no obvious jet signatures suggests that the winds probably
originate from different regions.
While a wind has been invoked to explain the kinematics of He I emission in
the objects DQ Tau (Basri et al. 1997) and CW Tau (MuzeroUe et al. 1998), a
significant wind contribution in the blueshifted He I A5876 BC emission for at least
14 of the 31 objects in this sample suggests that a He I wind is common in CTTS.
Since He I requires high temperatures or large ionization fluxes for its excitation,
this emission can only originate in the most energetic of CTTS environments, and
is very likely a direct probe of the accretion energy, whether it is dissipated at the
stellar surface or close to the star/accretion disk interface. Calculation of the wind
luminosity, including the UV resonance lines, would yield a lower bound to the
energy required to generate it.
The wind interpretation for the blueshifted emission in He I A5876 predicts P
Cygni or blueshifted absorption signatures in transitions where the line optical
depth is expected to be substantial, such as the A10830 line which arises from the
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metastable level and the ultraviolet resonance lines l^S-n^P A584, A537, etc.
In a study of non-simultaneously observed A5876 and A10830 for 8 CTTS, Ulrich
k Wood (1981) found that A10830 emission is observable when A5876 emission
is present; however, only for the CTTS T Tau was there blueshifted absorption
in A10830, centered at -160 kms-^
. For two of their stars that overlap with
our sample, the observed equivalent widths are comparable between the two lines,
with /io83o//5876 ~ 1 for DF Tau and Imsso/hsie ~ 1.2 for RW Aur. While their
measurements refer to the total observed profile, the published A5876 profiles are
very similar to ours. For DF Tau, the A10830 line is broader than the A5876 line
by a factor of
-3.8, with a A10830 FWHM of 170 kms"^ and a centroid velocity
of -10 kms~^
.
For comparison, the centroid velocity for the A5876 profile in DF
Tau is +15 kms"^
.
For RW Aur the A10830 line is also broader than the A5876
line by a factor of 1.6, with a A10830 FWHM of 410 kms"^
. The centroid velocity
is -225 kms"^
,
which if real, as the authors believe, indicates a wind origin for
this line. The RW Aur centroid velocity for the A5876 line is +15 kms~^ . The
authors attribute the large difference in centroid velocity between A5876 and A10830
to time variability or to a difference in the formation processes for the two lines.
These observations are consistent with the kinematic characterization for the A5876
found in this work, where the He I BC emission appears dominated by the accretion
component in DF Tau and has a significant contribution from the wind component
in RW Aur.
A second important result of this investigation is that the NC decreases as the
strength of the BC wind component increases and suggests that formation of strong
and predominantly blueshifted BC emission interferes with the formation of the
NC emission region. As mentioned above, blueshifted emission at photospheric
velocities is not likely to be very optically thick. However, the spatial relation of
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narrow and broad component emission in CTTS has been discussed by Hamann
& Persson (1992) for the Ca II infrared triplet A8498, A8542 and A8662. These
lines were found to be optically thick ni all their sources except YY Ori. From
chomospheric models, the authors place a lower bound to the column density re-
quired to achieve an optical depth of unity in the weakest triplet line A8494 A,
which is of order N„^^jj « W^VtuJ^^ kms^^) cm-^ where K,., depends on
the source of broadening of the profile and can range from ~10 kms"^ to ~50
kms-V Based on the absence of detectable narrow components in the Ca II lines,
the deep blueshifted absorptions in Ca II K, H/? and H7 in AS 353A and estimates
of the size of the Ca II BC emission region for AS 353A and DO Tau, the authors
concluded that the Ca II BC emission region could occult the star and its close
environment in these two objects. For the remainder of their sample, the authors
concluded that the narrow and broad component regions forming these lines lie
adjacent, rather than on top, of one another. These results would be applicable
to the He I lines only if the derived Ca II BC column densities imply an optical
depth of unity or larger in He I . With the possible exception of DG Tau, none
of the objects in our sample exhibit blueshifted absorption in the He I A5876 BC,
suggesting that its opacity is not very large. Then the disappearance of the NC
emission may signal a redistribution of the accretion flow to favor of the wind at
the expense of the infall component. In either case, the undetectability of the NC
in BC dominated objects implies that more than one source of excess continuum
emission or veiling is required in at least these stars. Independent sources of veiling
in CTTS could account for the lack of correlation between the NC line strengths
and veiling found in this work and in a study of DF Tau by Johns-Krull & Basri
(1997). If the stellar magnetosphere is crushed against the star by the disk, the
accretion shock producing the NC emission would be deactivated and a boundary
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layer would form, producing excess continuum emission and the wind, as originally
postulated by Lynden-Bell & Pringle (1974).
Recent work on the spectral energy distribution of the expected continuum emis-
sion emanating from the accretion shock (Calvet & Gullbring 1998) suggests that
in fact, a source of continuum veiling other than the accretion shock is required
to account for the observations in a set of 15 CTTS that overlap with stars in our
sample. When confronting their model calculations with observations, the authors
found that approximately half of their program stars exhibit Balmer jumps in ex-
cess of the maximum predicted amount by their grid of models and conclude that
an additional source of Balmer continuum emission, not included in their model,
must be present in these objects.
2.9. Summary
In this chapter the He I and He II optical emission in a sample of 31 CTTS
and 10 WTTS has been analyzed, with the aim of elucidating the kinematic and
physical properties of the emission regions producing the lines. The sample repre-
sents a range of two orders of magnitude in the mass accretion rate. The data is
comprised of a series of high resolution echelle spectra over two discontinuous and
non-simultaneous spectral ranges, ^ AA5000-6700 A, including the red He I A5876
and A6678 Hues and « AA4000-4920 A, including the blue He I A4472, A4713 and
the He II A4686 lines. Of the 31 objects, 16 were repeatedly observed, over 2-5
epochs. Since the profiles are variable, the principal criterion used to select the
epoch for inclusion in the sample representing the entire range of inferred mass
accretion rates was to maximize the FWHM of the strongest line, A5876 in the red
and A4472 in the blue. For this sample, our findings follow.
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1) The He I profiles can be classified into broad, composite and narrow. Gaussian
fits for the composite profiles yield parameters for the line core that are consistent
for all the objects in the sample and are indistinguishable from those for the narrow
profiles. The resulting narrow component or NC has average widths between 32 ±
9 and 47 ± 9 kms"^ for He I and 55 ± 10 kms"^ for He H. The He I NC centroid
velocities are centered on the stellar photosphere for the majority of objects or
moderately redshifted with velocities < 35 kms"^
. The He H NC centroids are
redshifted for the majority of objects, with velocities < 20 km s"^ . These properties
are consistent with origin in the post shock region close to the stellar photosphere
postulated in the magnetospheric accretion model.
2) The NC were subtracted from the composite profiles to examine the residual
profiles, which exhibit comparable kinematics to the broad profiles and are analyzed
together as the Broad Component, or BC. For He I A5876 the BC parameters
present full widths between 128 and 287 kms~^ . Centroid velocities are most
often blueshifted (12/22), but also redshifted (5/22) and centered on the stellar
photosphere (5/22), with the largest blueshift and redshift observed to be > -93
kms~^ and ~ 35 kms~^
,
respectively.
3) Comparison of the observed kinematics of the BC with those expected from
an axisymmetric, rotating magnetosphere argue against such an origin for all of
the BC. Instead we find that the kinematics properties in 18 % of the stars with
detectable BC emission are excluded as arising from the magnetosphere on the
basis of their centroid velocity {hbc < -45 kms~^ ), and that 41% of the stars
with detectable BC emission are excluded on the basis of their blue wing velocity
(< —309 kms~^ ). Emission in these cases at least is best accounted for by a wind.
In contrast, the redshifted BC is compatible with origin in a magnetospheric funnel
flow close to the accretion shock.
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4) The BC strength relative to the NC or BC/NC^ exhibits a range between
-0.6 and
-38 when the BC centroid velocity is blueshifted, and a smaller range,
between
-0.4 and
-1, when the BC centroid velocity is redshifted. The BC
emission in objects with multiple observations show that when the BC relative
contribution decreases, it does so predominantly in the blueshifted emission while
the redshifted emission varies less or is indistinguishable at the various epochs.
In addition, objects with BC kinematics incompatible with a magnetosphere, i.e.,
with centroid velocity blueward of -45 kms"^ and with blue wing velocity at zero
intensity blueward of
-309 kms"^
,
also possess BC/NC > 1, suggesting that the
dominance of the BC in the observed profiles is due to the wind.
5) The NC equivalent widths decrease as estimates of the wind line strength in-
creases and increase as estimates of the accretion component increases. In addition,
the NC equivalent widths are undetectable in wind dominated objects. These find-
ings suggest that the wind dominated BC emission interferes with the formation
of the NC and that the NC emission and accretion BC emission are physically
related. Whatever the cause for the decrease of the NC, a source of veiling contin-
uum emission other than the accretion shock must exist in at least those objects
with dominant BC and undetectable NC emission. Independent sources of veiling
emission could account for the lack of correlation between the NC line strengths
and the observed veiling found in this and previous studies.
6) Analysis of the BC emission in A6678 lines supports the conclusions reached
from analysis of A5876 and suggests that BC emission from A6678 is favored in the
infall component.
7) Ratios of equivalent widths for the NC and the BC in A5876 and A6678
display distinct distributions, with the bulk of NC ratios lying below the nebular
recombination value while the BC ratios present a large dispersion. These facts
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suggest that the range of physical conditions characterizing the BC emission is
larger than that for the NC. The distribution of ratios against BC/NC for objects
with multiple epoch observations further suggest that the wind component favors
A5876 emission over A6678 emission.
The severe excitation conditions required by He restrict its origin to the inner
disk/star region, where the accretion energy can be tapped to power the wind.
Such emission is not surprising in these systems, which possess spatially resolved
collimated jets in forbidden and permitted line emission. The possibility that a wind
is a common and a significant contribution of the He emission in CTTS means that
further study of its properties may ultimately indicate the origin of the wind in
these objects.
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Table 1
He I, He H NC Parameter Averages.
ID A N ^ ± a FWHM ± a
(A) (km/s) (km/s)
He I 5876 28 5 ± 6 47 ± 7
6678 26 7 ± 6 37 ± 6
4472 12 6 ± 3 37 ± 6
4713 13 6 ± 4 34 ± 9
He H 4686 13 10 ± 5 55 ± 10
55
Table 2
A5876 NC, BC Variation.
NC
Object
d
AA Tau -21 c->r 9 c-^r +12
BP Tau 15 1 c->c -2 2 b->c 17
L/1 iau 5 c—>c -8 7 b—>-c 4
Dt Tau 19 r->r 2 r-+r -4 32 r—)-r 11 43 *DG Tau 4 r->r -5
-17 c^b -16
DL Tau -10 c^c 3 c—>r 7 -9 b->c 18
DQ Tau 4 c->c -7
-22 b->c 47
DR Tau -19 r—)-c -3 r— -4
-8 b^b 6 b-^b 23 *FM Tau <1 c—>-c 1
GG Tau 4 c—>c 3 5 b->b -16
GM Aur <1 c—)-c 1 10 b->b -5
LK Ca8 -9 c—)-c 1
RW Aur 10 r—>c -3 r—)-b -13 36 b-^b 11 b—)-c 48 *
UY Aur -21 c—)-r 9 c—)-r 12 40 b->r 75
VsaeTau 14 c—)>c 3
Note.— The variations in the FWHM and centroid velocities are with respect to
the epoch included in the reference sample, for objects with at least NC detection
at more than one epoch. The blanks in columns 5-6 and 10-11 correspond to objects
observed at only 2 epochs. The dots refer to objects for which only the NC was
detected. Columns 3, 5, 8 and 10 list the sign of centroid velocity at the epoch
included in the reference sample and at the epoch of variation, with 'b' referring
to blueshifted (yu < -5 km/s), 'c' to centered and 'r' to redshifted (/x > 5 km/s)
centroid velocities with respect to the stellar photosphere. Other column headings
are as follows:
^ Maximum percent change in the FWHM.
^ Sign and magnitude of the centroid velocity variation in km/s, corresponding
to the epoch used in (a).
Sign and magnitude of the largest centroid velocity variation in km/s, not nec-
essarily corresponding to the epoch used in (a,b).
The asterisk denotes that the epoch for which the maximum BC FWHM vari-
ation was observed does not correspond to the epoch for which the maximum NC
FWHM variation occurs.
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RB
Table 3
Magnetospheric Velocities for M, = O.SMq, R,=2R.0.
^2 max
e ~ 71.4''
2 45.0''
-44.7
-44.0
3 35.3''
-36.5
-34.7
4 30.0"
-31.6
-27.7
5 26.6"
-28.3
-21.0
6 24.1"
-25.8
-12.1
6.5 23.1"
-24.8
-2.5
^pol max
e ~ 71.4"
Vpol
e =
max
00
i
e
(60")
74 73 218 217 72" 214 213
60 57 252 250 54" 251 249
52 46 267 263 46" 260 256
47 35 276 270 41" 261 254
43 20 282 273 37" 259 251
41 4 284 273 35" 256 247
Note.— Velocities listed (in km s-^) are for a particle falling onto the star along
a dipolar streamline that is rotating at the stellar angular velocity ~ 8.6 x
10 6 rad s-^ For each velocity the gravitational term only is included in the first
column and both the gravitational and the centripetal terms are included in the
second column. Note that for magnetospheric sizes less than 5i?*, the centripetal
term has a negligible effect on v^oi and v, while for larger sizes the centripetal
term becomes dominant in some range of 9. For Rb = 6.5R^JR^ and SR., a
particle starting at polar angle greater than 72.0", 63.7", and 53.3", respectively, has
such a large rotational kinetic energy that no infall can occur. Such instances are
denoted by dots. The reason that vlos (60") first increases and then decreases as
the magnetosphere gets larger is the result of two effects. While infall from larger
distances leads to larger velocities, an observer looking at 60" from the symmetry axis
views the system at angles that differ increasingly from that at which the maximum
poloidal velocity would result. Column 1: The size of the dipole field line, in units
of the stellar radius. Column 2: The polar angle at which the dipole streamline
intersects the stellar surface. Columns 3,4: The largest blueshifted centroid velocity
occurs for 6 ~ 71.3" - 71.5" and would be observed at inclination angle i = 0".
Columns 5,6: The poloidal velocity for 6 ~ 71.3" - 71.5". Columns 7,8: Vpoim^^
is the poloidal velocity attained by an infalling particle just before intersecting the
stellar surface. Column 9: The inclination angle at which Vpoimax would be observed.
Columns 10,11: vios{QO°) is the maximum poloidal velocity observed at an inclination
angle of i = 60" to the line-of-sight, where vios = -VRSini - cosz.
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Table 4
NC and BC Wx Ratios for A5876 and A6678.
Object
1^^(5876) "a T^a(6678) ^/^(NC) ^i?(BC)
^yl Tau
0.6 2.04 (0.17) 1.0 0.65 (0.16) <0.1 1.55 (0.46)
n 9u.z U.Dl (U.lDj <0.1 0.15 (0.06) <0.1 4.07 (1.95)
0 3
-L.UO \^U.UO) <LU.i 0.79 (0.11) <0.1 2.13 (0.31)
AS 353
A
5.1 0.95 (0.16) >32 0.94 (0.11) >24
BP Tau
0.4 1.25 (0.16) 0.6 0.43 (0.22) <0.1 1.79 (0.99)
0.6 1.16 (0.19) 0.6 0.33 (0.06) <0.1 2.18 (0.70)
0.6 1.19 (0.17) <0.1 0.42 (0.06) <0.1 2.83 (0.57)
CI Tau
0.5 2.52 (0.35) 3.0 0.52 (0.14) <0.1 1.21 (0.75)
0.4 2.04 (0.17) 2.5 0.75 (0.19) 1.4 1.90 (1.29)
CW Tau
1.7 3.08 (0.39) >51 0.55 (0.29) >17
CY Tau
0.2 0.89 (0.25) <0.1 <0.02 • • •
1.06 (0.22)
5.92 (3.39)
Continued on Next Page
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Table 4 Continued
Object
W^a(5876) 'a H^a(6678) uc
DD Tau
2.9 5.99 (0.32) 1.1 2.07 (0.30) 0.8 2.38 (0.67) 3.55 (1.22)
DE Tau
0.6 1.42 (0.26) 2.5 0.34 (0.10) <0.1 1.18 (0.84)
DF Tau
1.6 4.43 (0.23) 0.8 1.44 (0.10) <0.1 1.71 (0.20)
0.7 3.64 (0.27) 1.1 1.22 (0.17) 0.7 2.79 (0.88) 3.18 (1.01) *
0.5 3.53 (0.21) 0.8 0.68 (0.10) <0.1 2.82 (0.52)
DG Tau
2.0 5.31 (0.52) 15.1 0.86 (0.12) >15.4 5.79 (1.11)
3.0 2.73 (0.25) 11.5 1.13 (0.23) 8.2 1.83 (1.5) 2.49 (0.62)
3.6 3.52 (0.30) 38.1 1.11 (0.14) 17.6 1.67 (2.0) 3.27 (0.52) *
DK Tau
0.5 1.32 (0.09) <0.1 0.55 (0.07) <0.1 2.40 (0.35) *
Continued on Next Page
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Table 4 Continued
Object
DL Tau
2.4 3.96 (0.23) 4.6 1.19 (0.18)
2.1 2.52 (0.73) 2.0 1.12 (0.13)
1.1 6.63 (0.50) 9.3 1.83 (0.37)
1.4 6.15 (0.47) 8.8 1.72 (0.31)
DN Tau
2.1 1.82 (1.03) 4.01 (0.94)
1.4 2.18 (2.06) 2.28 (1.06)
5.1 2.13 (3.11) 3.92 (1.00) *
4.7 2.07 (2.65) 3.89 (0.91)
0.1 0.66 (0.05) <0.1 0.29 (0.09) <0.1 2.28 (0.73) *
DO Tau
4.7 4.55 (0.25) 0.6 1.72 (0.17) 0.4 2.39 (0.39) 3.22 (1.18) *
DQ Tau
0.2 0.97 (0.22) 3.7 <0.02 ••• *
0.2 1.40 (0.18) 0.5 0.48 (0.07) <0.1 1.92 (0.47)
DR Tau
20 3.86 (0.18) 8.0 1.98 (0.28) 4.1 1.10 (0.92) 2.16 (0.40) *
10 5.30 (0.14) 5.8 1.95 (0.15) 2.6 1.50 (0.51) 3.16 (0.35)
6.4 2.63 (0.09) 3.3 0.96 (0.06) 1.7 1.77 (0.40) 3.35 (0.37) i
9.2 3.50 (0.20) 3.4 1.39 (0.20) 2.0 1.68 (0.83) 2.95 (0.68)
Continued on Next Page
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Table 4 Continued
Object
H^a(5876)
^a(6678) ''a 'R{BC)
DS Tau
1.0 1.40 (0.17) 0.4 0.51 (0.08) <0.1 1.92 (0.45) *
FM Tau
3.0 2.34 (0.27) <0.1 0.82 (0.16) <0.1 2.79 (0.62) *
3 2 no<U.Uz • • • • . .
FP Tau
0.1 1.09 (0.10) <0.1 <0.20 (0.49) <0.1
0.1 0.41 (0.16) <0.1 <0.02 • • •
GG Tau
0.5 1.58 (0.27) 8.9 <0.02 •••
0.3 2.07 (0.21) 7.2 0.42 (0.12) 2.5 2.08 (1.0) 6.07 (2.0) *
0.1 1.48 (0.19) 6.1 0.27 (0.13) 2.1 2.33 (0.7) 6.68 (3.7)
GI Tau
0.2 1.24 (0.07) <0.1 0.58 (0.09) <0.1 2.14 (0.35) *
GK Tau
0.2 0.61 (0.10) 0.7 0.24 (0.05) <0.1 1.46 (0.52) *, i
Continued on Next Page
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Table 4 Continued
Object
VI^a(5876)
'/^(NC) ''R{BC)
GM Aur
0.2 1.28 (0.27) 1.3 0.60 (0.16) <0.1 0.93 (0 51) * ;
,
1
0.2 1.14 (0.19) 1.2 0.56 0.24 <0.1 0.93 (0.52) i
HK Tau
1.1 1.85 (0.47) <0.1 0.67 (0.18) <0.1 2.76 (1.02)
HN Tau
0.8 3.78 (0.39) >47 1.31 (0.79) >25 2.96 (1.90) *
LK Ca8
0.2 0.73 (0.17) <0.1 0.24 (0.10) <0.1 3.04 (1.45) *
0.2 0.56 (0.06) <0.1 0.19 (0.10) <0.1 2.95 (1.58)
0.1 0.67 (0.14) <0.1 0.17 (0.05) <0.1 3.94 (1.42)
0.1 0.71 (0.14) <0.1 0.22 (0.06) <0.1 3.23 (1.09)
RW Aur
2.0 2.09 (0.15) 4.8 1.53 (0.31) 10.0 2.57 (2.0) 1.24 (0.29) *,i
1.8 2.35 (0.22) 2.5 1.19 (0.12) 4.0 2.79 (0.5) 1.77 (0.32) i
1.8 1.70 (0.21) 2.1 0.84 (0.10) 1.6 1.69 (0.84) 2.27 (0.61) i
1.7 2.42 (0.17) 1.9 1.26 (0.11) 1.6 1.75 (0.54) 2.05 (0.37) i
Continued on Next Page
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Table 4 Continued
Object
W^a(5876)
1.3
0.6
0.3
0.2
0.4
0.7
0.1
0.1
0.1
0.1
UYAur
3.30
1.87
1.64
1.59
1.48
(0.21)
(0.15)
(0.11)
(0.08)
(0.11)
UZ Tau E
V8S6 Tau
0.18 (0
0.06 (0
0.17 (0
YY On
1.31 (0.19)
^oi 14^a(6678) 'i?(NC) 'R{BC)
2.9
1.1
1.2
<0.1
1.1
1.10
0.56
0.58
0.68
0.57
(0.18)
(0.04)
(0.12)
(0.07)
(0.15)
1.6
<0.1
0.5
<0.1
<0.1
2.00
1.57
1.95
2.34
1.26
(0.99)
(0.29)
(0.68)
(0.27)
(0.38)
3.66 (1.03)
4.33 (1.5)
42) 1.4 0.49 (0.16) <0.1 2.20 (1.12) *
04) <0.1 <0.02 ••• <0.1
03) <0.1 <0.02 ••• <0.1
04) <0.1 <0.02 ••• <0.1
0.8 0.52 (0.13) <0.1 1.44 (0.51)
,
1
Note.— Equivalent Widths (in A) for the observed profile are with respect to the
total continuum. Uncertainties for these and for the ratios are in parenthesis. The
dots indicate non-detections.
^ The ratio of continuum to photospheric flux or veiling, at 5200A.
^ Note: a = BC/NC for A5876
Note: a = BC/NC for A6678
^ Note: R{NC) = NC{5876)/NC {6678)
^ Note: R{BC) = BC(5876)/5C(6678)
^ The asterisk denotes the epoch included in the reference sample, and 'i' indicates
that redshifted absorption below the continuum was detectable at that epoch.
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Table 5
WxiNC) Ratios for He I A4472, A4713 and He H A4686.
Object
'Wx{AA12) 'WxjmZ) 'Wx{mQ) ^7?(HeI) ''i?(He I,H) ^
AA Tau
0.2 0.42 (0.22) 0.18 (0.07) 0.48 (0.07) 2.33 (1.55) 0.87 (0.48)
0.2 0.53 (0.29) 0.13 (0.06) 0.24 (0.08) 4.04 (2.89) 2.19 (1.40)
BP Tau
1.0 0.65 (0.20) 0.12 (0.05) 0.48 (0.24) 5.42 (2.74) 1.36 (0.80)
0.8 0.45 (0.20) 0.13 (0.12) 0.48 (0.20) 3.46 (3.54) 0.94 (0.57)
0.6 0.67 (0.18) 0.09 (0.05) 0.50 (0.10) 7.42 (4.95) 1.33 (0.45)
DF Tau
9.1 0.39 (0.08) 0.12 (0.03) 0.19 (0.06) 3.26 (0.95) 2.06 (0.80)
7.5 0.67 (0.06) 0.12 (0.05) 0.20 (0.06) 5.59 (2.29) 3.35 (1.12)
7.3 1.00 (0.16) 0.16 (0.04) 0.24 (0.06) 6.26 (1.89) 4.18 (1.24)
4.3 1.38 (0.11) 0.28 (0.07) 0.45 (0.07) 4.95 (1.25) 3.08 (0.54)
1.8 1.21 (0.10) 0.26 (0.06) 0.49 (0.12) 4.65 (1.07) 2.47 (0.64)
DK Tau
0.6 0.54 (0.23) 0.12 (0.05) 0.61 (0.07) 4.49 (2.60) 0.88 (0.39)
Continued on Next Page
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Table 5 Continued
Object
''rs '^W,{4472) '^W,{A713) 'W,{m6) ^7?(He I) ^'i?(He I,II)
DL Tau
5.7 0.29 (0.11) 0.23 (0.05) 0.51 (0.12) 1.27 (0.55) 0.57 (0.25)
DN Tau
0.1 0.62 (0.17) 0.07 (0.04) 0.24 (0.06) 8.79 (5.92) 2.56 (0 93)
0.1 0.54 (0.20) <0.05 (0.06) 0.23 (0.08) 2 37 (1 21)
0.3 0.61 (0.20) <0.04 (0.06) 0.27 (0.14) 2.26 (1.38)
DR Tau
13.2 0.26 (0.09) 0.13 (0.02) 0.45 (0.04) 1.99 (0.73) 0.57 (0.20)
8.9 0.34 (0.10) 0.41 (0.11) 0.46 (0.07) 0.82 (0.33) 0.73 (0.24)
8.1 0.41 (0.05) 0.14 (0.02) 0.53 (0.08) 2.93 (0.58) 0.77 (0.15)
DS Tau
1.9 0.71 (0.16) 0.13 (0.04) 0.42 (0.05) 5.46 (2.19) 1.69 (0.43)
GG Tau
0.3 0.10 (0.07) <0.07 (0.05) <0.06 (0.04)
GK Tau
0.3 0.76 (0.18) 0.09 (0.06) 0.36 (0.06) 8.46 (6.25) 2.11 (0.63)
Continued on Next Page
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Table 5 Continued
Object
''Wx{4472) ^H^a(4713) ''W^a(4686) ^i?(He I) '^i?(He I,II) «
GM Aur
0.1 0.45 (0.32)
RW Aur
0.06 (0.05) 0.27 (0.11) 7.50 (8.22) 1.67 (1.37) *
4.3
3.3
3.0
2.7
0.14 (0.62)
0.12 (0.03)
0.13 (0.03)
0.13 (0.05)
0.23 (0.07)
0.44 (0.07)
0.34 (0.05)
0.63 (2.70)
*
UY Aur
0.5 1.04 (0.14) 0.08 (0.03) 0.25 (0.04) 13.0 (4.73) 4.16 (0.88)
Note.— Objects listed show unblended, detectable emission in at least one of the
three lines. Omitted from this list are AS 353A, CW Tau and DG Tau, for which
A4472 is blended with Ti II, and A4714 and A4686 are undetectable. Equivalent
widths for A4713 and A4686 are the total observed, since these lines are narrow.
The Wx{4A12) is for the NC only, as the BC is compromised by a Ti II blend.
Uncertainties are in parenthesis. The dots are for cases where one of the lines used
in the ratio was either blended or undetected.
^ The ratio of continuum to photospheric flux or veiling, measured at A4500 A.
^ The equivalent width with respect to the total continuum, in A.
" Note: i?(HeI) = NC {AA12) /NC{m2>)
^ Note: i?(HeI,II) = 7VC(4472)/A^C(4686)
® The asterisk denotes the epoch included in the reference sample.
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(11) X5876 Broad and Composite Profiles
-400 -200 0 200 400 -400 -200 0 200 400
Velocity (km/s)
Figure 3. Observed broad and composite He I profiles. The profiles of
He I A5876 can be classified into broad (N = 3), composite (N =
19) and narrow (N = 9). The profiles are shown in order of decreas-
ing relative strength of the broad component, or BC, to the narrow
component, or NC (Figure 4), labeled by the ratio of excess contin-
uum to photospheric emission or veiling r, at 5200A. Best Gaussian
fits are superposed on the composite profiles. The objects CW Tau,
HN Tau and AS 353a have no detectable NC emission. Intensities
are in units of the observed local continuum level and velocities are
with respect to the stellar photosphere.
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He 1 (11) A5876 Narrow Profiles
Figure 4. Observed narrow He I profiles. The observed profiles of He I A5876
can be classified into broad, composite and narrow morphologies.
This figure displays the narrow profiles with detectable emission in
the NC only (N = 9). The profiles are labeled by the ratio of excess
continuum to photospheric emission or veiling r, at 5200A. Intensi-
ties are in units of the local continuum level and velocities are with
respect to the stellar photosphere.
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Figure 5. Comparison of the broad, composite and narrow profiles for
He I A5876. The profiles in each group were normalized to their
peak value to allow a comparison of morphology. Arithmetic aver-
ages for each group are shown in the left panels. A superposition
of observed profiles included in the group averages are in the right
panels. The cores of the composite profiles and the narrow profiles
are all similar, suggesting a common origin.
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Figure 6. Best fit parameters for the Narrow component or NC and Broad
component or BC for He I A5876. Parameters for the NC, detected
in N = 28 objects, are shown in the top subpanels and those for
the BC, detected in N = 22 objects, in the bottom subpanels. The
FWHM for the NC are distributed about 47 kms"^
,
while for the
BC, the FWHM range from 128 to 287 kms"^ . The centroid veloci-
ties for the NC cluster about the photospheric velocity. In contrast,
the BC is predominantly blueshifted with velocities as high as -93
kms~^ . A few objects show redshifted centroid velocities of up to
+35 kms~^ .
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Figure 7. The He I A5876 equivalent widths for the NC and BC versus veihne;.
Equivalent widths, or Wx, for the BC (detected in 22 objects) are
in the top panel and those for the NC (detected in 28 objects) are
in the bottom panel. The W\ for the BC appear weakly correlated
with veiling while the Wx for the NC show no apparent relation to
veiling, contrary to what is expected if the NC arises close to the
postshock region at the stellar surface in the magnetospheric accre-
tion model. Labels for objects in the reference sample are marked
with an asterisk and shown in bold; unmarked labels denote multiple
epoch observations of these objects.
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Figure 8. The NC kinematics for He I A5876, A6678, A4472, A4713 and
He H A4686. The strongest hne, A5876, is at the top. The He H hne
is at the bottom. As the hne strength decreases, so does the FWHM,
from an average of 47 ± 7 kms"^ for A5876 to 34 ± 9 kms~^ for
A4713. The He H average is 55 ± 10 kms~^ . The centroid ve-
locities are either centered on the stellar photosphere or redshifted
for He I and are redshifted for every object with He II emission. In
both ions, the centroid velocities are redshifted by < 20 kms"^ .
The NC kinematics are consistent with an origin close to the stellar
photosphere, in the postshock region of the accretion shock.
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He I X5876 BC
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Velocity (km/s)
Figure 9. The BC Residual Profiles for A5876. The BC residual profiles (ob-
tained after subtracting the best NC fits from the each individual
observed profile) are shown in decreasing order of a = BC/NC, the
ratio of NC to BC equivalent widths. Objects with dominant BC
emission are at the top. In addition to the variety of morphologies
exhibited in emission, four objects (RW Aur, GM Aur, GK Tau and
YY Ori) exhibit redshifted absorption at velocities >100 kms~^
,
indicative of mass infall.
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DG Tau Ha and He I X5876
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Figure 10. Comparison of He I A5876 and Ha in DG Tau. Simultaneous A5876
(heavy line) and Ho; (light line) profiles are superposed at the 3
epochs of observation. At each epoch, a blueshifted feature of com-
parable morphology is found near velocities of -250 kms~^ in both
transitions. Since Ho; is thought to be optically thick, the correspon-
dence suggests blueshifted absorption due to a wind. In this case,
the centroid velocity of the BC emission in DG Tau is blueshifted.
Estimates of the latter for the profiles which exhibit the most pro-
nounced dip in the blue wing (left panels) are hbc — -68 kms~^ and
-56 kms~^
,
respectively.
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Figure 11. The A5876 BC blue wing velocities at zero intensity (top) and
BC/NC (bottom), each versus the BC centroid velocity, fiBC-
Emission with (j^bc < -45 kms~^ and blue wing velocities < -309
kms~^ cannot arise in a magnetosphere but is consistent with a
wind. For these objects BC/NC > 1 suggesting that the dom-
inance of the BC is due to the wind. Emission with ^bc > ^
kms~^ can arise in the funnel flow close to the accretion shock.
Arrows in hbc for DG Tau indicate the real values are likely to be
more blueshifted than shown. Arrows in in BC/NC are lower limits
when the NC is undetectable. Bold object labels with an asterisk
comprise the reference sample; unmarked labels denote multiple
epoch observations.
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He I A5875 at Multiple Epochs
Velocity (km/s)
Figure 12. Observed profiles for A5876 at multiple epochs. A superposition of
observed profiles normalized to their peak value is shown for every
object with multiple observations. When the contribution of the
BC relative to the NC decreases, it does so predominantly in the
blueshifted emission. Thus the BC emission tends to be blueshifted
when dominant. In contrast, the redshifted emission varies less or
is indistinguishable in most objects. The paucity of blueshifted
emission as the BC amplitude decreases means the centroid velocity
of the remaining emission is less blueshifted, consistent with the
results of Figure lib for the entire sample.
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Figure 13. The NC equivalent widths versus equivalent widths for the BC
wind and accretion contributions, estimated by the integration
method (top) and by the wind-fit method (bottom). Both meth-
ods yield similar results and show that the wind and the accretion
components are distinctly related to the NC. The distribution for
the wind component suggests an inverse correlation with respect to
the NC. In contrast, the accretion component appears to increase
as the NC equivalent width increases, as expected if the former
originates in the funnel flow close to the accretion shock.
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He I A5876 and X6678 Profiles
I , , , I . . . I . . . I .
-400 -200 0 20O 400
Figure 14. Comparison of A5876 and A6678. Profiles normalized to their peak
value are superposed for the 13 objects with BC detectable emission
in A5876 and A6678. They differ for objects with dominant BC
emission and are similar for objects with dominant NC emission in
both lines. About half of the remaining objects show a smaller BC
to NC in A6678 than in A5876. The difference occurs predominantly
in the blueshifted emission.
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Figure 15. The A6678 BC blue wing velocities at zero intensity (top) and
the BC/NC (bottom), each versus the BC centroid velocity. The
centroid velocities and blue wing velocities are less blueshifted for
A6678 than for A5876 (see Figure lla,b). As for A5876, the BC
in A6678 tends to be blueshifted when dominant and redshifted
as BC/NC decreases. However, the presence of significantly red-
shifted centroids for BC/NC <2 in A6678 suggests that the infall
component associated with redshifted centroid velocities in A5876
favors the A6678 BC emission.
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He I X6678 at Multiple Epochs
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Figure 16. Profiles for A6678 at multiple epochs. A superposition of observed
profiles normalized to their peak value is show^n for every object with
multiple observations. As for the A5876 profiles (Figure 12), the
contribution of the BC relative to the NC decreases predominantly
in the blueshifted emission, while the redshifted emission varies less
or is indistinguishable in most objects. This is consistent with the
results for the entire sample of objects in Figure lib for A5876 and
Figure 15b for A6678.
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He I in DL Tau
Velocity (km/s) Velocity (km/s)
Figure 17. A comparison of A5876 and A6678 BC emission in DL Tau. Profiles
for A5876 (left panels) and for A6678 (right panels) are show^n at
the four epochs of observation, in order of decreasing / = BC/NC.
As the A5876 BC/NC decreases below 8.8, the A6678 BC becomes
redshifted {hbc > 5 kms~^ ) and its BC/NC is less sensitive to
changes in the A5876 BC/NC (lower two panels). At the lowest
A5876 BC/NC level, the A6678 BC may have originated primarily
from the accretion component (bottom panels).
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Figure 18. Equivalent width ratios for the BC (top) and NC (bottom) in si-
multaneously observed A5876 and A6678 lines. The solid line is
the value expected under conditions of optically thin or nebular re-
combination. Ratio distributions differ between the NC and BC.
The tight distribution in the NC suggests that uniform conditions
prevail in this region. In contrast, the dispersion in the BC ratios
suggests that a variety of physical conditions can produce BC emis-
sion. Uncertainties are dominated by errors of measurement in the
A6678 line. Object labels marked with asterisks denote the reference
sample; unmarked labels denote multiple epoch observations.
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CHAPTER 3
DR TAU
3.1. DR Tau: an Overview of Results
In this chapter the results of a study of permitted emission Unes of Fe I and
Fe II in the spectrum of the high accretion rate classical T Tauri star DR Tau are
presented. Echelle spectra collected at the 4m Mayall telescope at KPNO between
1988 and 1992 include 4 epochs with red spectral coverage (~5000A - 68OOA) and
3 with blue spectral coverage (~4000A - 4950A). A total of 62 unblended Fe I and
Fe II lines are identified, their profiles are examined, and ratios of line pairs that
are sensitive to column density or temperature are analyzed.
The unblended Fe profiles exhibit a systematic behavior, with FWHM increasing
from 20 to ~ 90kms~^ as the equivalent width increases from 0.05 A to several A.
The range of morphologies can be resolved in terms of a narrow component {NC)
that dominates the weakest lines, and a broad component {BC) that dominates
the strongest lines. The NC has FWHM ~ 20kms~^ and a radial velocity at rest
with respect to the photosphere, while the BC has FWHM ~ 100kms~\ and a
tendency to be blueshifted by < lOkms"^
Estimates of opacities and column densities are obtained by comparing observed
intensity ratios of lines from a common upper level with values expected from a
83
local escape probability calculation. We find (1) opacities in the NC exceed those
in the BC by factors of 2-4; and (2) for the 5C, iV^^/ ^ W - lO^^cm-^ and
Npeii ^ 10^^ - 10^9 cm-2 for kinetic temperatures in the range to 4000 to 10,000K.
Ratios of NC/BC emission from a pair of Fe I lines which are insensitive to opacity
suggest that the kinetic temperature in the NC exceeds that in the BC by several
thousand degrees.
The centroid velocity and width of the NC in Fe I and Fe II are comparable
to those from photospheric lines, suggesting a thermal or turbulent origin further
broadened by stellar rotation. In the context of a magnetospheric accretion model,
the NC is consistent with an origin in the post-shock gas close to the stellar surface.
In contrast, the BC is likely to be broadened by bulk motion, such as infalling gas
in the accretion funnel or rotation in the region coupling the inner disk to the stellar
magnetic field.
3.2. Spectral Lines for CTTS
The permitted emission lines in the spectra of classical T Tauri stars (CTTS)
contain a wealth of untapped information on the complex region where the stellar
magnetosphere interacts with the accretion disk. Historically one of the defining
characteristics of CTTS is a distinctive set of optical emission lines, cited as resem-
bling the spectrum of the solar chromosphere (Joy 1945, Herbig 1962). The most
prominent lines are from the hydrogen Balmer series and Ca II H & K, accompa-
nied by a rich array of metallic features including permitted lines of Fe I
,
Fe II
,
He I, He II, Ti II, Na I, Ca I, plus forbidden lines of [O I], [S II] and [N II]. In the
last decade, studies of the Balmer and forbidden lines have elucidated some of the
kinematic activity in these accretion disk systems.
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The Balmer profiles in CTTS suggest the presence of magnetic funnel flows,
created as the stellar magnetosphere truncates the inner disk and redirects the
accretion flow along magnetic trajectories terminating in accretion shocks on the
stellar surface (Bertout 1989, Konigl 1991, Edwards et al. 1994[EHGA], Hartmann,
Hewett & Calvet 1994[HHC], Muzerolle, Calvet k Hartmann 1998[MCH]). At the
same time, the blueshifted absorption features commonly seen at Ha indicate high
speed winds which must originate from either the star or the very inner accretion
disk. By tens of AU the outflows become highly collimated into jets, which radiate
in shock-excited forbidden lines (Kwan & Tademaru 1988, Hartigan, Edwards k
Ghandour 1995[HEG], Hirth, Mundt & Solf 1997).
The stellar magnetosphere is also implicated in spinning down the central star,
thereby accounting for the small angular velocities which characterize CTTS photo-
spheres (Edwards et al. 1993, Bouvier et al. 1993, Bouvier et al. 1995). Together
these phenomena have been interpreted as indicating that the stellar magneto-
sphere mediates the disk accretion process and plays a fundamental role in the
angular momentum evolution of the star/disk system (Konigl 1991, Ostriker k
Shu 1995, Ghosh 1995, Li, Wickramasinghe k Ruediger 1996, Armitage k Clarke
1996, Paatz k Camenzind 1996). Considerable ambiguity remains with this inter-
pretation, however, where key unresolved issues include how the stellar magneto-
sphere is coupled to the disk, how stellar spin-down is achieved, and whether open
field lines from the stellar magnetosphere or from a disk magnetosphere are the pri-
mary agent launching the outflows (Shu et al. 1994, Najita k Shu 1994, Camenzind
1997, Safier 1997).
This work provides additional insight into the complex star/disk interaction re-
gion, where funnel flow and outflow presumably originate. This chapter examines
the plethora of permitted Fe I and Fe II lines in the optical spectrum of one high
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accretion rate star, DR Tau, with the goal of elucidating any systematic behavior
of the line profiles, and providing estimates of physical conditions, including optical
depth, column density, and kinetic temperature, in the Fe line formation region.
Iron emission in CTTS was first mentioned by Joy (1945), who noted the sim-
ilarity to the solar chromospheric spectrum, which is dominated in the optical by
Fe I lines. The complex term structure of the Fe atom due to the incomplete 3d
shell and the mixing of states caused by the frequent departures from any pure cou-
pling scheme conspire to produce a rich array of emission lines at ultraviolet, optical
and infrared wavelengths. In neutral and once ionized iron, the large number of
low-lying 6 eV), closely spaced 0.05 eV) energy levels within spectroscopic
terms of alternating parity allows a large number of permitted transitions to be
excited by collisions. This fact and the relatively low energy needed for collisional
excitation make Fe I & Fe II emission an important cooling agent at low tempera-
tures (T^ lO'^ K).
The strength of Fe I (43) fluorescent emission led Herbig (1962) to include it as
one of the defining characteristics of a CTTS. An early analysis of the fluorescent Fe
lines identified Ca II H or He as the pumping transition and established the range
of electron densities that favor fluorescent Fe emission in an optically thin envelope
(Willson 1974, Willson 1975). Later, the fluorescent Fe I lines in the CTTS RU
Lup were used to estimate hydrogen and electron densities under LTE conditions
with an escape probability approximation (Lago 1982).
While Fe emission is in principle a promising diagnostic of physical conditions
and a potential probe of the inner disk environment, the study of iron in CTTS
is also beset with a number of difficulties which have hindered past investigators.
Factors that complicate the analysis include the photospheric spectrum underlying
the emission lines, the severity of line blending from neighboring metallic features,
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and the relative weakness of many of these Hnes. Furthermore, until recently, large
uncertainties in atomic transition probabilities hampered detailed analyses of Fe ni
astrophysical spectra.
Many of these problems are surmounted in this investigation, where (1) we use the
most recent compilations of Fe transition probabilities, with uncertainties ^ 10%
in Fe I and ^ 25% in Fe II (Nave et al. 1994, Giridhar & Arellano Ferro 1995);
(2) we employ high resolution echelle spectra from the CTTS samples described
in EHGA and HEG which have the stellar photospheric features and continuum
veiling removed, leaving uncontaminated residual line profiles; and (3) we focus on
DR Tau, a CTTS which displays a rich metallic spectrum dominated by Fe I &
Fe II lines but whose Fe lines are half as broad as those of other highly veiled
objects in the spectroscopic sample, thereby minimizing blends due to overlapping
line wings and allowing many more transitions to be analyzed. One drawback to
the current data set is the non-simultaneity of our 3 blue (~ AA4000-4950 A) and 4
red (~ AA5000-6800 A) spectra, so that some of the potentially most sensitive line
ratio diagnostics cannot be employed. Nevertheless, we explore here the possibilities
inherent in the study of Fe lines as diagnostics of CTTS accretion, and urge that
new data be obtained that will fully utilize the information available from these
lines.
The star selected for the first phase of this study, DR Tau, is one of the bright-
est and most frequently observed CTTS. Its optical continuum veiling, which is
attributed to luminosity from an accretion shock at the stellar surface, is large and
variable, with values in the literature ranging from ~ 0.7 to 20 times the stellar
continuum flux (Basri & Batalha 1990, Guenther & Hessman 1993,HEG,Hessman
& Guenther 1997). Corresponding mass accretion rates are somewhat uncertain
due to the difficulty in assessing the extinction to this source and its significant
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variability, but are always at the high end of accretion rates derived for CTTS,
with estimates ranging from M,,, ~ 10"^ to 10"^ yr-^ (Bertout, Basri k Bou-
vier 1988, Basri & Bertout 1989, Kenyon et al. 1994,HEG). Spectroscopic evidence
for magnetospheric funnel flows, in the form of inverse P Cygni profiles in upper
Balmer lines, Na D, He 1 and Fe II are also commonly reported in studies of DR
Tau (Bertout et al. 1977, Appenzeller et al. 1980, Krautter & Bastian 1980, Guen-
ther & Hessman 1993, EHGA, HHC, Smith et al. 1997). Additionally, the near
infrared spectral energy distribution of DR Tau was one of the earliest CTTS to
be modeled by a magnetospherically truncated inner disk, with a hole size of ~ 5
(Bertout, Basri & Bouvier 1988, Kenyon et al. 1994).
The spectroscopic data for DR Tau and the identification of 62 unblended
Fe I and Fe II lines are presented in §3.3. An empirical examination of the un-
blended Fe profiles is presented in §3.4, elucidating the basic kinematics of the Fe
line formation region. Pairs of lines which share a common upper level are identi-
fied in §3.5, and they are used to derive physical conditions via application of an
escape probability analysis. A discussion of the results is presented in §3.6 and the
conclusions are presented in §3.7.
3.3. The Spectra
The 7 echelle spectra of DR Tau used for this study are taken from a data set
which was the basis for two previous publications focussed on Balmer and forbidden
lines in 32 CTTS and 10 weak emission T Tauri stars (EHGA and HEG). All the
spectra were taken with the 4 meter Mayall telescope at KPNO with a velocity
resolution of ~12 km s~^. The spectra cover two wavelength regions, which are
taken non-simultaneously; the 4 red spectra were obtained on Jan 7 & 10, 1988,
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Nov 30, 1988 and Jan 17, 1990, with a wavelength coverage from AA500G-6800
A and the 3 blue spectra were obtained on Nov 20, 1988, and Dec 1 & 2, 1992, with
a wavelength coverage from AA4000-4950 A. The grating settings vary somewhat
among the runs and are tabulated explicitly in Table 6. The data reduction for these
spectra, including evaluation of the residual emission line profiles and determination
of the veiling, is fully described in the two previously published papers.
Determination of the residual emission line profiles begins with the selection of
a photospheric template of similar spectral type (K7/M0 for DR Tau), and the
CTTS spectrum is then simulated by adding a constant monochromatic flux to the
template over a small (about 80 A) region, until the depths of the artificially veiled
photospheric features match those of the T Tauri star. Residual profiles result from
the subtraction of the artificially veiled template from the observed T Tauri star
spectrum, revealing emission lines free of distortion by the underlying photosphere.
This procedure gives unprecedented sensitivity in defining weak emission features
in T Tauri spectra, allowing us to study Fe line profiles with equivalent widths
as low as 0.1 A. The weakest lines measurable in the spectra depend on the S/N,
which ranges from 50 to 75 in the continuum, with resultant detection limits in
equivalent width of ~ 0.02 to 0.05 A.
The optical continuum veiling flux is also determined by this procedure. It is
parameterized by r^, the ratio of veiling emission to photospheric radiation at
A = 5700 A {rji) for our red spectra and at A = 4500 A (r^) for our blue spectra.
Measured veilings for the 7 spectra studied here range from 6 < < 20 and 8
< tb < 13, and were originally reported in EHGA and HEG. Table 6 identifies
the date and corresponding veiling for each observation of DR Tau; we refer to
each spectrum by r^ rather than the date, since the time coverage is infrequent and
intermittent.
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3.3.1. Identification of Unblended Iron Lines
The strongest lines in our optical spectra of DR Tau are from the hydrogen
Balmer series, with equivalent widths 1.5 to 2 orders of magnitude larger than
those of other lines. After Ha, the next strongest Imes in the red spectra are from
He I A5876 and A6678. Then follow Fe H (42), the Mg I (2) triplet and the Na I
doublet, and [01] A6300. The red spectra also include numerous lines of Fe II and
Fe I
,
plus [01] A5577 and other forbidden lines from [SII] and [Nil]. In the blue
spectra, after the Balmer lines, Fe II (42) are the strongest features, followed by
numerous lines of Fe II and Fe I
,
He I, Ti II, Cr II, Ni I and He II. The most
abundant optical features, however, are from Fe. The optical Fe lines share upper
levels with many UV lines, which are expected to be very strong. As a group the
Fe lines likely constitute an important coolant in CTTS.
The total number of Fe lines we identified in DR Tau is approximately 150, with
70 Fe I and 30 Fe II transitions identified in the red and 27 Fe I and 25 Fe II fines
in the blue. No Fe III or forbidden line transitions are observed.
The full suite of ~150 Fe I and Fe II lines are characterized as follows:
• Fe I lines in the red spectra arise from 14 multiplets (1, 15, 16, 36, 37, 62,
66, 111, 168, 169, 207, 268, 686, 816) spanning excitation energies that range
from 2.4 to 5.6 eV above ground. Most concentrate in 3 clusters at ~ 3.3, 4.4,
and 5.6 eV. The largest oscillator strengths are from transitions in multiplets
686 k 816 with Einstein A^^ ~ 10^ - 10^ s'K
• Fe I lines in the blue spectra arise from 6 multiplets (2, 39, 41, 42, 43,
68) with excitation energies from 2.8 to 5.0 eV above ground. Again, most
concentrate in 3 clusters at 2.8, 4.4 and 5.0 eV. The largest oscillator strengths
are from transitions in multiplets 41, 42 and 43, with Aj^ values of ~ 10'' s~^.
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• Fe II lines in the red spectra arise from 8 multiplets (40, 41, 42, 46, 48, 49,
55, 74) with upper levels at energies between 4.8 and 5.8 eV above ground.
Among them the strongest transitions occur in multiplets 42 and 49, with A,,-
of 10^-10^ s-\
• Fe II lines in the blue spectra arise from 5 multiplets (27, 28, 37, 38 & 42)
with upper levels at energies 5.4 and 5.6 eV above ground. The strongest
transitions occur in multiplets 27, 38 and 42 with A^j values of 10^ - 10^ 8"^
• The majority of the observed Fe I transitions decay to metastable levels
between 0.0 and 2.6 eV, except for those from multiplets 686 and 816, which
decay to non-metastable levels between 3.3 and 3.7 eV above ground.
• The Fe II lines decay to metastable levels between 2.6 and 3.9 eV above the
ground state.
Unfortunately the majority of the ~150 Fe lines in our spectra are blended with
neighboring features, rendering them ineffective as probes of the kinematic and
physical conditions in DR Tau's Fe line formation region. After careful examina-
tion, we identified a total of 62 unblended Fe lines for further study; they are listed
in Tables 7 and 8. The identification of blends is straightforward when the overlap-
ping transition is resolved, in which case the resultant distorted profiles are readily
distinguished. The identification of unresolved blends is more laborious, and re-
quires use of the solar photospheric spectrum as a reference (Moore, Minnaert, &
Houtgast 1966). Additional transitions from the parent multiplet of the suspected
blending line can be found from the solar spectrum and those with comparable or
larger Aij as the suspected blend are used to estimate the blend's relative contribu-
tion in the CTTS spectrum. If such transitions are too weak to be detectable in the
CTTS spectrum, the blend contribution is deemed to be unimportant. The most
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common blends, in order of decreasing incidence, are due to Fe I
,
Fe II
,
Ti II,
Cr II, Ti I, Cr I and Ni I.
The final identification of 62 unblended Fe features include 35 red Fe I lines (from
multiplets 15, 16, 37, 62, 111, 168, 169, 207, 268, 686 & 816), 9 red Fe II lines (from
multiplets 42, 46, 48, 49, 55 & 74), 9 blue Fe I lines (from multiplets 2, 39, 41, 42, 43
& 68) and 9 blue Fe II lines (from multiplets 27, 37, 38 & 42). The 62 unblended
lines are tabulated in Tables 7 and 8, along with their atomic parameters and
observed emission equivalent widths. These unblended lines still include a wide
range of Einstein A^j values and excitation potentials, and will form the basis for
the rest of this chapter.
3.3.2. Comparison with other Line Profiles
It is informative to compare the profiles of the Fe lines with those exhibited by
other strong emission features at the same epoch. Figure 19 presents simultane-
ous profiles of Ho;, He I A5876, Fe II (49) A5276 and Fe I (15) A5397 from the red
spectra and Figure 20 presents simultaneous profiles of H/?, H7, Fe II (37) A4629
and Fe I (43) A4064 from the blue spectra.
The Balmer lines, some of which appear in EHGA, are typical of those observed
in DR Tau (Krautter k Bastian 1980, Hartmann 1982, Mundt 1984, Aiad et al.
1984, Appenzeller, Reitermann & Stahl 1988, Isobe, Norimoto k Kitamura 1988,
Hessman k Guenther 1997). They are characterized by broad wings (± 500 km s~^),
blueshifted absorption features arising in outflowing gas, and occasional inverse P
Cygni (IPC) structure in the upper Balmer lines arising in infalling gas, presumably
in the magnetic funnel flow. A deep central absorption feature, whose origin is not
yet known, is also prominent in the upper Balmer series (see Kwan 1997 for recent
thoughts on this component).
92
In contrast to the hydrogen lines, the helium and other metallic profiles in DR
Tau are several hundred km s-^ narrower than the Balmer lines, and they lack
the multiple absorption components (note a factor of two change in velocity scale
between the Balmer and metallic lines in Figures 19 and 20). However, the metallic
lines themselves display an array of profile types, most notably a variety of fine
widths, as illustrated by the decreasing widths from He I A5876 to Fe II (49) A5276
to Fe I (15) A5397 in Figure 19. Several authors have characterized the metallic
profiles as composite, consisting of a narrow central peak (the narrow component;
NC) and a broad pedestal (the broad component; BC) (Appenzeller, Reitermann
k Stahl 1988, Hamann & Persson 1992, Batalha et al. 1996, Edwards 1997). In
some lines, such as He I, these two components are quite distinctive, but in others,
such as Fe I
,
they can combine to produce a triangular-shaped profile.
We observe IPC structure in several metallic lines in one of our red epochs and
in two of our blue ones. In the red, at the lowest veiling state, rR = 6, IPC features
are seen in He I, Mg I, Na I and the strongest lines of Fe II (multiplets 42, 48 k
49). In the blue, at = 8 & 13, IPC structure is observed in the upper Balmer
and the strongest Fe II lines (multiplets 27, 38 k 42; not shown in Figure 20). The
vast majority of the Fe emission lines do not show redshifted absorption features,
although the broad component is often slightly blueshifted, as would be expected
from magnetospheric infall.
In order to interpret the metallic line profiles in CTTS spectra, it is imperative
to quantify their morphology, and to determine whether the apparent composite
structure of these lines arises in two distinct regions, as suggested by Hamann k
Persson (1992) and Batalha et al. (1996), or whether the profiles result from the
geometrical projection of velocity vectors from a single region, such as a funnel flow
(Hartmann, Hewett k Calvet 1994).
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3.4. Fe Profile Morphology in DR Tau
This section quantitatively explores kinematic structure for Fe I and Fe II profil
in DR Tau, and provides support for the interpretation that permitted metallic
lines in CTTS arise in two physically distinct emission regions. This analysis can
be extended to more lines in DR Tau and more CTTS, as seen in chapter 2.
The most obvious difference among Fe line profiles in any given spectrum of DR
Tau is the range of line widths. Closer inspection reveals a relation between the
Fe profile width and the strength of that line. A similar effect has been previously
reported for Fe lines in CTTS RU Lup (Boesgaard 1984). This is illustrated in
Figure 21, where 4 Fe I profiles from the = 8 spectrum are displayed. As the
equivalent width progresses from 0.03 A to 0.9 A the FWHM increases from 26 to
67 km Figure 22 shows this behavior as characteristic of all the unblended Fe
lines in our spectra. The figure plots the FWHM of an Fe line against its equivalent
width and demonstrates that as the Wx progresses from ~ 0.05 to ~ 0.5 A, the
FWHM increases by more than a factor of three, from ~20 to between 70 to 90
km s~\ and remains roughly constant thereafter, up to the strongest line {Wx ~ 1
A in red or ~ 3 A in blue)
.
Weaker Fe lines display a different profile morphology
than stronger Fe lines. This is clearly demonstrated by fitting each profile with a
single function. The fitting procedure uses a chi-squared minimization to evaluate
the best definition of the profile according to 3 fitting parameters: shape (/?), width
(6), and velocity centroid (/i). The fitting function is:
/(a:)=e-i"2(|x-Ml/^)'^,
When functions of this form are fit to the unblended Fe profiles, we find that the
shape parameter evolves from Gaussian (e~^^; p = 2) to exponential (e"^; /? = 1)
as the line increases in Wx from < 0.1 A up to several A.
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The large Hne widths of Fe hkely arise from bulk kinematic motions. Then the
dissimilarities in Fe line widths and profile shapes suggest that more than one
kinematic regime may exist, with the emitting gas characterized by differing Fe
I/Fe II abundance ratio and physical conditions. This possibility leads us to try
the next simplest fitting procedure and to separate each line into two components
to see if the variety of line profiles can be more succinctly described. Accordingly,
we fit each line profile with two Gaussian components (/? = 2), and iterate to find
the component widths {6, and 62) and velocity centroids {fi^ and ^us) which produce
the best fit. In this case the fitting function has the form:
f{x) = c^e~'"2(|x-/xi|/5i)2 ^ (1 _ g-ln2(|x-M2|/52)'
where a gives the relative peak amplitude of the two components.
A comparison of both fitting procedures, a single component fit with a "free"
shape parameter and a two component fit with forced Gaussian shapes, is illustrated
in Figure 23 for an Fe I line with a FWHM of 30 km s'^ and an Wx of 0.3 A, and
an Fe II line with a FWHM of 59 km s'^ and an Wx of 0.4 A. Both lines are fit
equally well by either a single function with an exponential form or by the sum of
two Gaussian components. Note that the two Gaussian components naturally define
a narrow and a broad component {NC & BC), but that the relative contribution
of the two components differs between the Fe I and Fe II profiles. The relative
amplitudes of the two components in each profile are given by a, and l-a, which
we rename a^vc and age for clarification. In this comparison, a^c — 0-6 for the
Fe I line and a^c — 0-35 for the Fe II line.
While both approaches yield equally good fits for any individual line, what dis-
tinguishes the two component Gaussian fitting procedure is that the derived pa-
rameters of each component (width and velocity centroid) are found to be highly
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consistent, not only for all the Fe lines in a given spectrum but also among all ob-
serving epochs. This uniform set of parameters for the NC and BC is illustrated in
width of an Figures 24 and 25. The widths of both the NC and BC are displayed
as a function of line strength for all 7 observing epochs in Figure 24. Remarkably,
the FWHM found for the NC averages 22 ± 4kms-^ for all Fe profiles among 6
of the seven observing epochs. (The one exception, which will be discussed below,
is from the spectrum = 9). The BC is not detectable in the weakest lines,
which are best fit by single Gaussian, but for Wx > O.l k the BC is described by a
FWHM which averages 102 ±7 km s"^ in 6 of the 7 observing epochs (the exception
is the same spectrum, = 9, discussed below).
The centroid velocities for each component, illustrated in Figure 25, also display a
remarkable uniformity among all the lines and all but one observing epoch (r^ = 9).
The 7VC is always centered on the photospheric velocity to within ± 5 km s^^ Most
of the time the BC is slightly blueshifted, by 5 to 10 km s^^ and at any epoch
the BC centroid velocity shifts are found to be similar among all Fe lines in the
spectrum.
The exception to the uniform set of parameters derived for the NC and BC is
from the blue spectrum with = 9. This spectrum is unique in that the Fe lines
are a factor of two stronger in Wx than those from the other two blue epochs. While
the formal chi-squared search for a two component fit yields NC and BC widths
a factor of 1.5 to 2 times greater than those for the 6 other observing epochs, we
attribute this to a very small contribution from a 20 km s"^ wide NC at this epoch.
Indeed, if we force the NC to a width of 20 km s"^ and center it on the line peak, a
search for the best parameters for the BC not only produces acceptable fits to the
profiles but results in BC widths averaging 110 ib 10 km s'^ among all the Fe lines
m this spectrum. Although no photospheric lines are detected in this heavily veiled
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spectrum, the resultant BC centroids lie within -4 ±3 km s-^ of the NC centroids.
These BC parameters are fully consistent with the parameters derived for the other
observing epochs, and we attribute the failure of the chi-squared search to find the
same parameters to the very small contribution from the NC at this epoch. This
is illustrated in Figure 26, where both the free and the constrained NC fits for two
representative lines from the = 9 epoch are shown. It can be seen that the NC
and BC parameters derived for the other 6 observing epochs are consistent with
the data, but the weakness of a 20 km s'^ wide NC (a^vc ~ 0.2 ) for the = 9
spectrum leads the chi-squared search to a different solution space. We thus adopt
the interpretation that the parameters describing the NC and BC apply at all 7
observing epochs.
The consistent set of profile parameters for NC and BC emission supports the
notion that there are two distinct regions of Fe emission in DR Tau. We have made
no attempt to fit the occasional IPC redward absorption that is sometimes present
in the strongest Fe II lines. Typically this feature is redward of BC emission wings,
and the consistency in the fit parameters found among the entire set of unblended
Fe lines suggests that the two-component fit is a reasonable approximation to the
Fe emission profiles.
In the next section, we use the different ratios oiNC to BC emission found among
unblended Fe lines to estimate the extent to which the physical conditions in these
two regions diflfer. To obtain a consistent determination of the relative amplitudes
and equivalent widths for the two components for this analysis, we have refit each
line with the following restrictions: (1) the NC width is set at 20 km and a
velocity at rest with respect to the line peak; and (2) the BC width is set at 100
km s~^ and its centroid velocity is a free parameter. In all cases, the normalized
peak amplitude of one of the two Gaussian components is also a free parameter
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{o^NC + asc = 1). In the remainder of this chapter, the peak amplitudes and the
equivalent widths of the two kinematic components will refer to those derived from
these "forced" fits, rather than the unconstrained fitting shown in both Figures 24
and 25.
The observed behavior of the Fe profiles, with a systematic relation between the
strength of a line and its width and profile morphology, is thus accounted for by
differing amplitudes of the NC and BC among lines of differing excitation and
ionization. The nature of this relation is illustrated in Figure 27, where the two
Gaussian component fits are shown for 4 Fe I lines from the = 8 spectrum.
There is a progression in the proportion of NC to BC emission, from the weakest
line, dominated by the NC (ayvc = 1-0), to the strongest and broadest line with the
smallest proportion ofNC to BC emission {aNc = 0.3). This trend is characteristic
of all of our 62 unblended lines for all observing epochs, as shown in Figure 28,
which plots the NC amplitude, aNc (evaluated with the "forced" fits), as a function
of line strength. The weakest lines have ~ 10, and as line strength increases
a^c decreases, so that the strongest lines are typically characterized by a^c ~ 0.3,
except in the = 9 spectrum, where the strongest lines have a^c ~ 0.1.
We see no link between the Fe profile morphology and the continuum veiling.
In our red spectra, the veiling varies by a factor of 3, but it is fairly constant in
our blue spectra. The Fe profile morphology for any given line varies by < 40% in
the ratio of NC to BC equivalent widths, although the total emission equivalent
widths for a given line vary by a factor of 2 or more in our spectra. The lack of
any correlation between the Fe lines and the veiling is consistent with the recent
study of Hessman and Guenther (1997), who find that the line flux in CTTS varies
independently of the veiling.
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3.5. Derivation of Physical Quantities from Fe Lines
For Fe, the availability of transitions originating from the same upper level pro-
vides an opportunity to compare the intensities of these lines without concern for
how their common upper level is populated. This eliminates the need to perform
excitation calculations and allows one to draw conclusions without the uncertain-
ties inherent in adopting input parameters, such as collisional cross sections. In
this section we use the intensity ratios of such lines to evaluate the optical depth,
column density, and kinetic temperature in the Fe line formation region and to
search for physical differences between the two kinematic components. We begin
by comparing observed line ratios with their optically thin values, and then employ
the Sobolev LVG approximation to interpret the observed differences between NC
and BC emission. While the method described here is in principle an excellent
diagnostic of the physical conditions in the Fe line formation region of DR Tau,
restrictions of the current data set limit the extent to which we can draw firm
conclusions.
3.5.1. Relative Line Opacities From Line Pairs with a Common
Upper Level
The intensity ratio of two lines originating from the same upper level gives a di-
rect measure of line opacity. Each common upper level pair comprises a weak and a
strong member, a label which refers to the relative magnitude of their spontaneous
emission or Aij rates. By examining intensity ratios from such line pairs, compar-
isons can be made of the relative optical depth of the two kinematic components.
An ideal pair to use for this type of analysis would be Fe I (41) A4405 and
Fe I (168) A6394, with an A^j ratio of 42 and Wxs ~ 0.5 and 0.05 A, respectively.
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Unfortunately the members of this pair fall on two different grating settings with
the KPNO echelle, and thus were not observed simultaneously by us. Although the
non-simultaneity invalidates their use in our analysis, we show the profiles of each
pair member in Figure 29 in order to illustrate how different the proportion of NC
to BC emission can be between lines from a common upper level. The contrast
between the profiles is dramatic, with the NC dominating the profile of the weaker
transition (Fe I (168) A6394; a^c -0.9) and the BC dominating the profile of the
stronger transition (Fe I (41) A4405; a^vc -0.2). This distinction can be further
quantified by the ratio of NC/BC equivalent width for each line, which differs by
approximately an order of magnitude between the weak and the strong line. This
contrast is inherent in the Fe line formation region, and cannot be attributed to
time variability, as demonstrated by the near constancy of the profile morphology
of each line over all observing epochs.
The current dataset requires restricting the comparison of common upper level
lines to pairs that are simultaneously observed in either the red or blue spectral
region. In spite of the large number of unblended lines, the number of pairs meeting
this criterion is limited to 6. Five pairs are from Fe I
,
with 3 from Fe I (15) in the
red, 1 from Fe I (168) in the red, and 1 from Fe I (43) in the blue. The fluorescent
condition of the Fe I (43) multiplet does not affect this analysis since the mode of
exciting the upper level is not relevant. The single Fe II pair is in the blue, formed
of lines from two multiplets, one from Fe II (27) and one from Fe II (38).
The proportion of NC to BC emission among these 6 pairs follows the pat-
tern we have seen for the 62 unblended Fe lines and for the non-simultaneous
Fe I (41)- Fe I (168) pair, with the BC emission becoming increasingly dominant
in the stronger lines. The profiles for these 6 pairs are shown in Figures 30 and 31,
with pair members in adjacent panels.
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Unfortunately, several factors impose limitations when using these 6 pairs for
our analysis. (1) The ratios of the spontaneous transition rates only span factors
of 7 to 17 among the 6 pairs, limiting their sensitivity as discriminants of physical
conditions such as optical depth and column density. (2) As a result of the modest
range of ratios, the contrast in the profile morphology between the weak and
the strong line in a pair is less dramatic than that in the non-simultaneous pair
discussed above. (3) The small total W, of the weak line in each pair results in
low S/N in the line wings and makes the extraction of the BC equivalent width
somewhat uncertain. Hence, while the method we describe is in principle an excel-
lent diagnostic, the limitations from this particular data set mean that our analysis
should be considered illustrative rather than definitive.
We can quantify the comparison between the weak and strong lines in a pair by
evaluating the NC/BC equivalent width ratio for both lines. This is illustrated
in the upper panel of Figure 32 for the cases where both kinematic components
could be reliably extracted for both the weak and strong line. In the figure the
ratios Wx{NC/BC)^^ak and Wx{NC/BC) strong are plotted as a function of Aij,
with members of a pair joined by a dashed line. A larger ratio of NC to BC
emission for the weaker transition is seen in most pairs, although the maximum
contrast is typically a factor of two, rather than the order of magnitude found for
the non-simultaneous blue/red Fe I pair with an Aij ratio of 42.
Under optically thin conditions, the intensity ratio of the weak to the strong line
in the pair should be proportional to the ratio of their respective A^j values. In the
absence of spectrophotometric data, we will substitute equivalent width ratios for
intensity ratios. Although some pair members can be separated from each other
by several hundred A, adopting a lO'^ K blackbody to model the heavily veiled
continuum of DR Tau incurs errors of < 5% when using equivalent width rather
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than flux ratios. In the lower panel of Figure 32 we compare the equivalent width
ratios between pair members, taken separately for the NC and BC. It can be seen
that (1) for most pairs the ratio of the weak to the strong line in both the NC and
the BC exceeds the optically thin value, indicating that in both components at
least the stronger line is optically thick; (2) in most cases, the ratios of the weak to
the strong lines for the NC exceed those for the BC, suggesting a greater opacity
in the NC lines.
3.5.2. Line Opacities and Fe Column Densities from the LVG
Approximation
To quantify the opacity and column density of the Fe line formation region,
and to determine whether these differ for the NC and BC, the Sobolev large
velocity gradient (LVG) approximation is employed in order to calculate the line
opacity and local escape probability. Further, noting that the majority of our
Fe I and Fe II lines have metastable lower levels, it is possible to transform the
line optical depths into column densities by assuming the metastable levels to be
in thermal equilibrium with the ground state and neglecting the population in the
non-metastable levels.
The LVG approximation is probably appropriate for describing the BC emission,
with a FWHM of ~ 100 km s~\ However, for the NC emission, with a FWHM
~ 20 km s~\ the LVG approximation may be less applicable. In this case it is
likely to give a lower bound to the opacity, since the scaling of the local escape
probability with line opacity is similar in the LVG and the static case, but in the
static case the intensity ratio of two lines is not a simple ratio of their local escape
probabilities.
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In the Sobolev approximation, the intensity ratio of two transitions arising from
the same upper level is given by:
where A is the spontaneous emission rate, P is the escape probability, u is the
transition frequency, and the 'w' and 's' subscripts refer to the weaker and stronger
transition in each pair.
If the velocity gradient is isotropic, the escape probability averaged over all di-
rections has the form
P = —^ (3.2)
and the line opacity in the Sobolev approximation is
^
^
he {niBiu - UuBui)
47r dv/dl ' ^'^^^
where n^, n; are the upper and lower level population, Bi^ and B^i are the Einstein
stimulated absorption and emission coefficients, and dv/dl is the velocity gradient.
Neglecting the upper level population with respect to the population in the lower
metastable level, and assuming a thermal distribution in the metastable levels, we
obtain:
he „ e-^'/^^ ndl
where U{T) is the partition function from the metastable levels, n is the total ion
number density and Ei is the lower level excitation energy.
The intensity ratio f^g is then a function of two unknowns, the velocity modified
column density, M = ndl/dv, and the kinetic temperature T. The left panels of
Figures 33 and 34 plot the predicted ratios as a function ofM for T between
4,000 - 20,000 K for each of our 6 common upper level pairs. Comparison of the
observed J^js intensity ratio, measured separately for the BC and NC, with the
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predicted relations tlien yields a locus of AA, T values which are compatible with
the observations.
The theoretical dependence of the flux ratio on at a fixed T is governed by
the dependence of the escape probabiHty on Hne opacity (cf. eqs. 1 and 2). In
the optically thin limit the escape probabilities for both the weak and strong lines
will be unity and will be a constant independent of Af or T. As M increases
the strong line becomes optically thick first, causing to increase. As long as
the weak line remains optically thin, will increase as the opacity in the strong
Hne increases, creating the steeply rising part of the curve. Eventually Af increases
to the point where the weak line becomes optically thick and again becomes
independent of Af. The shape of these curves of growth depends only on the line
opacities, the eflfect of temperature being merely to displace the curves along Af.
As shown in the left panels of Figures 33 and 34, the observed /^^ typically falls on
the near-linear regime of the curve where the stronger line of each pair is optically
thick and the weaker line is optically thin. The observed f^^ can thus be translated
into an opacity independent of the actual values of Af and T.
In Figure 35 we plot the optical depths derived by this method for each kine-
matic component against the Aij values. It can be seen that the opacities range
from about 0.1 to 10 among the lines observed. However, as explained below, we
have reason to doubt the applicability of these values to the blue Fe I (43) multi-
plet, which may have opacities considerably higher than indicated. The figure also
suggests that the optical depth of the NC exceeds that of the BC by a factor of 2-4
in each line, consistent with the trend inferred from the comparison of the observed
line ratios with their optically thin values shown in Figure 32.
Estimating the column density, which is more sensitive to temperature, proceeds
as follows. An observed f^s dictates a theoretical locus of Af and T values, as shown
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in the middle panels of Figures 33 and 34. In the allowed loci, initially decreases,
then increases, with increasing kinetic temperature, so that a given Af corresponds
to two possible values of the temperature T. This behavior occurs because a given
Ls on the rising portion of the curve of growth fixes the opacity in the strong line,
as explained earlier, so that Equation 4 simplifies to A/" a U{T) /e'^'f^T^ yj^-^^
partition function U{T) increases with T, the factor l/e~^'/^^ decreases with T and
dominates at low temperatures. Therefore, as the temperature initially increases
from 4000 K, Af decreases until T is high enough (at a value dependent on E^)
that UiT) dominates the temperature dependence, after which Af increases with
increasing T.
The M-T locus which accounts for the observed ratio can be converted to a
column density-temperature relation through N = ndl ^ MAv. We adopt a Ai; of
100 km s-i for the BC and a Av of 20 km s-^ for the NC, and display the N-T loci
corresponding to our observed intensity ratios in the rightmost panels of Figures 33
and 34. In the conversion from the velocity modified column density to a standard
column density, the application of the differing Av for the two components shifts
what were distinctly lower values of J\f for the BC to values ofN that are essentially
comparable between the two components. Thus for the temperature regime between
4,000 and 20,000 K, we find no significant difference in the column densities of the
two kinematic components, with the caveat that the small linewidth of the NC
probably compromises the LVG approximation, so the N we derive provides only
a lower bound on the column density of the NC region.
The magnitude of the derived column density depends on the kinetic tempera-
ture. However, at all temperatures, we consistently find that the column densities
for Fe II are at least an order of magnitude larger than those for Fe I
,
indicat-
ing that Fe II is the dominant ionization state. A discrepancy exists, however, in
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the Fe I column densities derived from two different multiplets. Specifically, the
column densities from the red Fe I (15) multiplet are consistently an order of mag-
nitude greater than those derived from the blue Fe I (43) multiplet. For example,
at temperatures ~ 8,000-10,000 K, the corresponding 7V^,;; ~ IQi^cm-^, while
A^Fe/(i5) ~ lOi^cm-2 and N^^rm ~ lO^^cm-^. This discrepancy between the two
Fe I column densities is far too large to be accounted for by observational uncer-
tainty in the Fe I line ratios. It cannot be attributed to the non-simultaneity of
the blue and red spectra, since the discrepancy persists over the 4 red and 3 blue
epochs, and similar profile morphology is displayed by these lines at each epoch.
It is more likely that the discrepancy in the Fe I column densities results from
a breakdown of the simplifying assumption of isotropy in the velocity gradient. In
that case the radiative transfer near the surface of the emission region and along
certain directions within the emission region may resemble more the static than the
LVG situation. The result is that photons in a line can originate from a range of
optical depths, making our characterization of the emission by a single r erroneous.
This error is more severe for the more optically thick line. For this reason, we
discount the result on A/" or iV derived from the Fe I (43) lines which, with Aij
values 70 to 2000 times larger than those in Fe I (15), have much larger opacities
at the same column density. For example, if we adopt the Fe I opacity and column
density derived from the Fe I (15) line pairs, then the corresponding optical depth
for the fluoresced Fe I (43) lines would be several hundred. It also means that the
T and Npei determined from the Fe I (15) lines are only lower bounds. The Npeu
we find is also a lower bound, although for the BC it provides the most reliable
estimate since the optical depths found are so low, ^ 0.7.
In summary, application of the LVG approximation to the 6 pairs of available
Fe I and Fe II lines indicates that Fe II is the dominant ionization state of iron.
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There is a suggestion that the NC is more optically thick than the BC in a given
line. The current dataset gives sufficiently large errors in the Fe column densities
that distinctions between the NC and BC cannot be discerned. The most solid
result of the LVG analysis to this restricted set of common upper level pairs is the
estimate for the Fe II column density in the BC, with Np.jj ~ lO^s.^oig ^^_2
kinetic temperatures in the range from 4000 K to 10,000 K. If one then assumes
that most of the Fe is once ionized, this yields an approximate total column density
for the BC region of TV// ~ 3 x 10^^ - 3 x lO^^ cm^^.
3.5.3. Kinetic Temperature
In principle, an estimate of the kinetic temperature in the Fe line formation
region can be made by continuing the procedure from the previous section, where
the comparison of intensities between a pair of lines from a common upper level
defines an allowed Af-T or N-T locus. By superposing the loci from several line
pairs, a simultaneous solution of temperature and column density will follow from
their points of intersection. The success of this approach depends on maximizing
the difference in excitation energy between line pairs. With our limited data set,
the best lines we have are a pair of Fe I (15) lines with E^pper ~ 3.3 eV and a
pair of Fe I (168) lines with E^pper ~ 4.3 eV. Unfortunately, the small Wxs in the
Fe I (168) pair lead to uncertainties in the Af-T locus which are too large to identify
a good estimate of the kinetic temperature by this method.
Making use of the fact that the excitation temperature of a collisionally excited
line is not higher than the kinetic temperature, a lower bound on T can be roughly
estimated. This follows from determining the luminosity of a very optically thick
line, assuming an area for the emission region, and calculating the line excitation
temperature that would reproduce that luminosity. We restrict ourselves to the
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luminosity of the narrow component for this exercise, since this component appears
to be optically thicker in any given line. Furthermore, we have a better handle on
the emitting area of the NC (see discussion in §3.6), which we assume is between
0.05 and 0.2 of the stellar surface area. In our spectra, the strongest NC transition
is Fe II (42) A4924, and we estimate its luminosity as being 1.2 x lO^o erg s-\ based
on our measured equivalent width, the average photometric state of DR Tau from
Kenyon et al. (1994), an Ay = 3.2 (HEG) and a distance to Taurus of 140 pc. For
a NC emission area between 0.05/1, and 0.2/1. the corresponding lower bound on
temperature ranges between ~ 13,500 to ~ 8400 K.
A third approach provides information on the relative kinetic temperature be-
tween the NC and BC regions. It relies on identifying transitions arising from
widely different energy levels whose intensities are not sensitive to opacity. We
have identified two such lines, described below, but again, in the current data set
this pair is observed non-simultaneously. However, since this approach only re-
quires the NC/BC flux ratio for each line, it will be valid as long as the profile
morphology is not time variable. The opacity insensitive transitions we have iden-
tified for this analysis are Fe I (2) A4376 and Fe I (686) A5616, arising from upper
levels at 2.83 el/ and 5.54 eV, respectively.
The insensitivity to opacity for the Fe I (2) A4376 line comes from its being
the dominant decay channel from its upper level and the estimate that its optical
depth is not large. Specifically, its opacity depends on Af and T roughly as r ~
(7^/5.4 X 10^0 s)(104 K/T), and with Af ~ lO^^ cm-^ s for both the NC and
BC (cf. Fig. 33), r is not more than a few. Since its spontaneous emission rate of
~ 3 X 10"^ s~^ exceeds those of other decay routes from the same upper level by a
factor of >50, emission of A4376 will be the dominant radiative decay process when
this level is populated. The additional assumption that collisional de-excitation is
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not important, in light of A4376's large A,, rate and modest optical depth, results
in a probability near unity that a A4376 photon will be emitted following every
excitation of the upper level, independent of the opacity.
The insensitivity to opacity for the Fe I (686) A5616 line, which is the strongest
transition from its upper state, comes from the fact that it maintains its optically
thin branching fraction independent of the optical depth. The A5616 line has a
large rate of ~ 2.6 x 10^ and a branching fraction of -42% in the optically
thin limit. The next two most important decay channels from the same upper
state are Fe I (553) A5324, and Fe I (816) A6400, with A,j rates of 2.1 x 10^ s'^
and 9.3 x 10^ s-\ and branching fractions of 32% and 14.6%, respectively. All
of these transitions have non-metastable lower levels at comparable energies, ~
3.4, 3.3 and 3.6 eV
,
respectively, which possess large and comparable decay rates
{Aij ~ 1 X 10^ s-^). As A/" grows, the opacities of A5616, A5324 and A6400 will be
similar and increase slowly and in tandem because of the non-metastable nature of
their lower levels. This results in their branching fractions remaining nearly uniform
at their optically thin values. Fairly independent of its opacity then, Fe I A5616
will account for ~42% of the radiative decays from its upper level in both the NC
and BC.
For both of these opacity insensitive lines, if collisional excitation is assumed,
the line intensity will be determined by the kinetic temperature and the product
of the collisional cross-section x the electron density x the Fe I number density x
the emitting volume. If the collisional rate constants of the upper states of A5616
and A4376 were known, then T/vc [Tbc) could be obtained directly from the NC
[BC) flux ratio between the two lines, provided that simultaneous flux ratios were
available. Without knowledge of the collisional rate constants, we can take the
NC/BC flux ratio for each profile to eliminate the dependence on collisional cross
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section. Then the relative values of T^c and T^c can be compared by taking a
ratio of the two separate NC/BC flux ratios, which eliminates the dependency on
electron density, the Fe I number density, and the emitting volume. Specifically,
this double ratio is given by
q = [Wx{NC/BC)^Q^^/Wx{NC/BC)^i^Q\ = e-(^".^56i6/fc-£.,A4376A)(i/T;vc-i/TBc)
where J?u,a5616 and ^«,a4376 are the energies of the upper levels of A5616 and A4376.
respectively, and
^,,,a5616 exceeds ^^,a4376 by 2.7 eV.
Unfortunately, in our data Wx{NC/BC)sem and Wx{NC/BC),,-re are not si-
multaneous ratios. However, these ratios vary by < 40% among all our observing
epochs, so their average values will still yield a meaningful estimate of q. The
average profile for each of these lines is shown in Figure 36, corresponding to an
average value of Wx{NC/BC)4376 = 0.23 and an average value of WxiNC/BQ^e^Q
= 0.96, producing a value of q — 4.2 ± 1.7.
Figure 37 illustrates how T^c and Tbc depend on q for this pair of opacity
insensitive lines. Any value of g > 1 requires that T^c exceeds Tbc, which is
certainly the case for DR Tau. Identifying the magnitude of the difference in
kinetic temperature between the two regions requires a priori knowledge of one of
them, however. For example, if T^rc is 10^ K, the corresponding Tbc will be ~ 6900
K. The result that T^c exceeds Tbc is firm, unless the neglect of collisional de-
excitation is erroneous. If the NC electron density is suflSciently high that A4376
becomes collisionally de-excited before A5616, then the observed value of q can be
reproduced with a smaller difference between T/vc and Tbc, or even require that
Tbc > Tnc-
In summary, we have a rough estimate for the temperature in the NC region of
between 8000 K to 14000 K. We have evidence that the temperatures in the two
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kinematic regions difTer, and that T in the NC region exceeds that in the BC re-
gion. While the magnitude of the difference cannot be derived without independent
knowledge of the temperature in one of the two regions, the BC temperatures that
would follow from the above estimate in the NC region are 5900 to 8500 K.
3.5.4. Improving Estimates of Physical Quantities
The techniques outlined above demonstrate that unblended Fe lines in CTTS
spectra can be important diagnostics of opacity, column density and kinetic tem-
perature. Derivation of these quantities from an LVG analysis requires comparing
simultaneous A^, T loci from multiple common upper level line pairs. The sensi-
tivity of this technique depends on: (1) maximizing the ratio of Aij between pair
members, which enhances the contrast in the line flux ratio between the weak and
the strong line; and (2) maximizing the difference in the lower energy level of the
stronger line among different pairs. The latter point follows from the fact that
the shape and range of an TV, T locus from each pair is determined by the col-
umn density and temperature required for the stronger line in the pair to become
optically thick. Thus comparison of the N,T loci for two line pairs depends on
the comparative behavior of the strong line in each pair. A line that decays to a
higher-lying energy level will become optically thick at a different column density
and temperature than a line decaying to an energy level closer to the ground state.
Therefore two line pairs with a large difference in the energy of the lower level of
the strong line are required to produce distinct A^, T loci.
Significant improvements in evaluating column densities and kinetic tempera-
tures from Fe line ratios could be achieved from flux calibrated spectra cover-
ing a broader range of wavelength than provided in our dataset. In Table 9 we
present a list of some of the most suitable common upper level pairs of Fe I and
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Fe II lines for determining these physical quantities. We include both optical and
ultraviolet lines, which allow the greatest contrast in A,j rates and excitation po-
tentials. The selection criteria are: (a) an optically thin flux ratio for the pair
F = {As/Ay,){\^/\,) > 10; (b) a spontaneous emission rate in the weaker hne of
a pair A^ > 10^ s-' for Fe II and A^ > W s'^ for Fe I
,
which correspond to line
equivalent widths ~ 0.04 A in DR Tau; c) no neighboring Hues of comparable or
greater strength within ~ 50kms"^ of line center, as determined from either the
optical spectra of DR Tau or the solar UV spectrum. The Fe I and Fe II pairs are
ordered by increasing excitation potential of the lower level of the strong line in
each pair, which spans ~ 2.7 eV for Fe I and ~ 3.2 eV for Fe II . This list of line
pairs should provide a starting point for future analysis of Fe lines in CTTS.
An additional benefit to acquiring UV spectra of CTTS would be the ability to
assess the luminosity radiated by Fe lines, since the strongest transitions are found
in this spectral range (see §3.6). Indeed, the recent compilation of low dispersion
lUE spectra of T Tauri stars by Gomez de Castro and Franqueira (1997) clarify
that Fe II lines are very abundant in the UV spectra of CTTS.
3.6. Discussion
From an analysis of the Fe I and Fe II profiles in DR Tau we have shown that
the Fe emission may arise in two distinct kinematic zones. The most compelling
argument for this interpretation is that, at each epoch of observation, the NC and
BC kinematic properties are each described by a uniform set of parameters, thereby
resolving the differences among Fe I and Fe II profiles of diflFerent intensities in a self
consistent manner. In addition, there are indications that the kinematic distinction
between the components is accompanied by physical differences.
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The implication of the presence of distinct kinematic zones in the Fe line forma-
tion region of CTTS accretion disk systems is not yet clear. Preliminary findings
are reported for He I Imes in 30 CTTS (Edwards 1997) where it is demonstrated
that the presence of two kinematic components is also an excellent description of
these higher excitation lines. In the context of the magnetospheric accretion model
the large linewidths of the BC are compatible with velocities expected in a mag-
netic funnel flow. The tendency for the BC to be blueshifted, and the fact that
redshifted inverse P Cygni absorption below the veiling continuum, just redward of
the BC emission, is sometimes seen in our DR Tau spectra in both He I A5876 and
the strongest Fe H lines (see Figure 19) could be accounted for by a funnel flow
origin for this component.
As clarified in chapter 2, two component Gaussian fits to the He I lines in DR
Tau yields a BC linewidth that is twice the width of that found for Fe I and Fe II
,
with FWHM = 232±15kms"\ and a centroid velocity that has twice the blueshift
exhibited by the Fe lines: -29 ± 9kms"^ In a funnel flow origin, a factor of two
diflFerence in BC linewidth between He I and Fe would result if the He I lines are
formed in the infalling pre-shock gas closer to the accretion shock. There, where
the free-fall velocity is the highest, the veiling continuum can more easily ionize He
and lead to the production of He I lines via recombination and cascade.
The column densities we derive for the Fe I BC are also consistent with an origin
in the funnel flow. This follows from (1) the finding that Fe II is the dominant ion-
ization state of iron in the BC; and (2) the estimate that Nfeii ~ 10^^-10^^ cm~^
for kinetic temperatures in the range 10,000 K to 4,000 K. If most of the Fe
is assumed to be in Fe II
,
the corresponding hydrogen column density is then
Nh ~ 3 X 10^^ - 3 X 10^^ cm"^. This compares favorably with column densities
expected in a funnel flow geometry in a high accretion rate CTTS. For example,
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the recent multi-level statistical equilibrium calculations to derive hydrogen line lu-
minosities and profiles in magnetic funnel flows, employing a dipole geometry and a
disk truncation radius of several (MCH) have column densities A^^ ~ lO^^ cm'^
for Mace ~ 10-^ Mq yr~' (James Muzerolle, personal communication).
However, one problem with the current modeling of the magnetospheric funnel
flow is that the source of heating needed to produce the assumed temperature is not
specified. This problem is particularly acute if the Fe lines, when the UV transitions
are included, constitute a luminosity comparable to that in the hydrogen Balmer
lines. The Fe lines pose a problem in that these lines are most probably collisionally
excited and therefore require local heating, as opposed to the hydrogen lines which
can also be produced by recombination and cascade via utilization of the energy
in the photon continuum. We propose here an alternative origin of the Fe BC
emission. It is the boundary layer where loading of the gas from the accretion
disk onto the field lines of the stellar magnetosphere takes place. The attractive
feature of this scenario is that if this coupling region lies well within the co-rotation
radius of the star and disk, dissipation of the gas particle's Keplerian rotational
energy before it can co-rotate with the stellar field line and begin its free fall toward
the star produces naturally the heating necessary for collisional excitation of the
Fe lines. The evolution in the rotational motion of the gas can also produce the
observed BC linewidth.
The heating in such a boundary layer would also produce hydrogen lines. The
relative amount of hydrogen versus Fe emission will depend strongly on the equilib-
rium temperature reached from the balance between the heating and cooling rates.
If this temperature is ^7000 K, Fe emission will dominate. Even if the tempera-
ture is >7000 K, however, the hydrogen emission produced in this boundary layer
would likely only constitute a fraction of the observed Balmer emission, in view of
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the presence of other sources of energy, such as the veihng continuum and the heat-
ing in the post-shock region of the accretion shock. This equUibrium temperature,
however, is not hkely to be high enough to produce He I Hnes, and the He I BC
would then arise entirely in the pre-shock gas in the funnel flow.
The dynamics of the gas in this boundary layer may be complicated. The dissi-
pation of the kinetic energy of the gas, allowing some gas to fall towards the star
along the stellar magnetic field lines may also be accompanied by the ejection of
other gas particles from this layer as a means of transporting angular momentum
outwards. This ejection of matter may be a source for the outflow that is later
collimated into the jet. For either gas infalling along the stellar magnetic field lines
or gas ejected out from the boundary layer, the resulting acceleration outward from
the disk could account for the small blueshift observed in the BC of the Fe lines.
We plan to explore this boundary layer scenario further by calculating the ex-
citation of the Fe I and Fe H UV and optical lines in order to evaluate the total
cooling rate produced by the two ions and hence obtain an estimate of the mini-
mum heating rate required, and to compare this with the hydrogen emission rate.
If the luminosity from the Fe lines constitutes a significant fraction of the accretion
luminosity, then a boundary layer at the interface between the disk and the stellar
magnetosphere may turn out to be an important source of line emission in CTTS.
The interpretation of the NC is less problematic. Its relatively small linewidth
and the fact that it is always observed to be centered on the photospheric velocity
suggests that this component is very close to the stellar surface. These kinematic
properties would be consistent with either a stellar chromosphere or with emission
from the post-shock gas after accreting material has arrived at the star. Forma-
tion in the post-shock gas is favored because the Ca II NC line flux is correlated
with the continuum veiling, r, among a sample of CTTS (Batalha et al. 1996).
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A full study of both the NC and BC emission among a large sample of CTTS
and WTTS is in preparation (Beristain, Edwards, Kwan and Hartigan) that lends
additional support to this interpretation. We also find that this region displays
some complexity. For example in DR Tau the NC in the He I lines has a FHWM
of 48 ± 4kms-' (see Figure 19), which is twice as wide as that of the Fe lines.
This could be accounted for by a greater turbulence in the higher excitation region
closer to the accretion shock.
The possibility that the NC in Fe and He originates in the post-shock gas may
affect the interpretation of the Balmer lines in CTTS as well. Although Balmer
emission in CTTS has been well modeled as arising in a funnel flow (HHC, MCH),
MCH find that contributions from the accretion shock are also required to account
for both the small observed Hp/Hj ratios and the Stark-broadened wings at Ha.
Our study of the Fe lines in DR Tau suggests that line radiation from the accretion
shock will be kinematically distinct, with small Hnewidths and at rest relative to
the star. Indeed, in many CTTS of low to modest accretion rate, the upper Balmer
lines display a profile morphology reminiscent of the Fe lines in DR Tau, with a
broad base and a central peak. Further study is needed to determine whether this
central peak in the Balmer lines is a signature of the accretion shock, or whether
it is formed by gas at low projected velocities in the funnel flow, as predicted by
the HHC and MCH models.
3.7. Conclusions
We analyze 62 unblended Fe I and Fe H emission lines from optical echelle spec-
tra of DR Tau, an extreme CTTS with Mace ~ 10"^ Mq yr~\ in order to probe
the region where the stellar magnetosphere interacts with the accretion disk. The
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unblended Fe lines span a range of upper excitation potential from 2.4-5.6 eV in
Fe I and from 4.8-5.9 eV m Fe II, with spontaneous transition rates spanning a
factor of 10^ for Fe I and a factor of 600 for Fe II .
Our primary conclusions are:
(1) The morphology of the Fe profiles in DR Tau varies systematically with line
strength. Line widths increase from a minimum FWHM of ~ 20 km s^^ for the
weakest lines {Wx = 0.03 A) to a maximum FWHM of 70 to 90 km s-^ for the
strongest lines {W, from 0.5 A to 3.5 A). The functional form best describing the
shape of the line profile evolves from a Gaussian to an exponential form as the Wx
increases.
(2) The progression of the width and shape of Fe profiles in DR Tau with increas-
ing line strength is best accounted for by differing relative contributions from two
Gaussian components. The narrow component {NC) has a FWHM of 22±4kms~\
comparable to the width of the photospheric Li I line, and is centered on the pho-
tospheric velocity. The broad component (BC) has a FWHM of 102 ± 7kms"\
and is frequently blueshifted by up to 10 km s^^ The normalized peak amplitudes
of the NC range from 1.0 for the weakest lines to 0.1 for the strongest.
(3) Estimates of opacities and column densities are obtained by comparing ob-
served intensity ratios of lines from a common upper level with values expected
from a local escape probability calculation. We find (1) opacities in the NC exceed
those in the BC by factors of 2-4; and (2) for the BC, Npei ;^ 10^^ - 10^* cm-^ and
Npeii 10^^ - 10^^ cm-2 for kinetic temperatures in the range 4000 K to 10,000
K. The corresponding total BC column density is Nh ~ 3 x 10^^ - 3 x 10^^ cm"^.
(4) We estimate the temperature in the Fe NC region to lie between ~ 8400
to 14, 000 K, assuming that the size of the emitting region is between 0.2^1* and
0.05A^. The ratio of NC/BC emission from a pair of Fe I lines which are insensitive
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to opacity reveals that the kinetic temperature in the NC exceeds that m the BC
by several thousand degrees. For example, if Tj,c = W K, T,c - 7, 000 K.
At present, we can only speculate on the relevance of these two kinematic com-
ponents in accretion disk systems. In the context of a magnetospheric accretion
model, the NC is consistent with an origin in the post-shock gas close to the stel-
lar surface. In contrast, the BC is likely to be broadened by bulk motion, such
as mfalling gas m the accretion funnel or rotation in the region coupling the inner
disk to the stellar magnetic field.
This chapter describes the potential of using Fe lines in CTTS as diagnostics
of the inner accretion zone. To fully utilize these lines requires high signal to
noise spectrophotometry over as wide a wavelength range as possible. Some of the
most promising line pairs for deriving physical parameters require simultaneous
optical and ultraviolet coverage, which would provide the largest possible range
of Einstein A^j rates between members of a line pair. In addition, the ultraviolet
spectrum includes the strongest transitions in both Fe ions, and would thereby
allow an estimation of the the total cooling rate due to Fe, which is expected to be
substantial.
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Table 6
DR Tau Spectra.
Veiling HJD A Range (A) Strongest Multiplets Observed
2440000+ Fe I Fe II
20 7170.7 5128 - 6760 15, 37, 168, 169, 686 46, 48, 49, 55, 74
10 7167.8 5130- 6760 15, 37, 168, 169, 686 46, 48, 49, 55, 74
9 7908.8 5272 - 6760 15, 37, 168, 169, 686 46, 48, 49, 55, 74
6 7495.9 4985 - 6806 15, 37, 168, 169, 686 42, 46, 48, 49, 55, 74
tb 2440000+ Fe I Fell
13 8958.8 4023 - 4970 2, 41, 42, 43, 68 27, 28, 37, 38, 42
9 7485.8 3985 - 4920 2, 41, 42, 43, 68 27, 28, 37, 38
8 8959.8 4020 - 4970 2, 41, 42, 43, 68 27, 28, 37, 38, 42
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Table 7
Unblended Fe I lines in DR Tau,
Multiplet A Eu log Ay
(A) (eV) (s-i)
tb = 8
9
9
10
13
20
(2) Z.OO 4.4 / 0.25 0.59 0.16
a^F — D°
(15) 5371 4Q* 97 09 nilU.ll 0.20 0 30 0.22
^A(\^ 77 Q OQO.ZO D.OO 0.09 0.14 0.21 0.13
O.Zo 0. IQ 0.10 0.10 0.19 0.10
=1490 70* 9/1 O.Do 0.12 0.21 0.36 0.23
OOo t . LO 91 /I 10.4i nil0.11 0.18 0.30 0.15
1 97 /I on 0.06 0.07 0.09 0.05
^^C\(\ 7S*OOUD. I o O.Z4 A A C0.05 0.07 0.09 0.04
Q 91 A AO4.4o A A cr0.05 0.06 0.07 0.04
50X3 34 '\ 40 4 7c^ <U.Uo
OUOi.OO 3.3< 4.71 0.04
5151.91 3.42 4.38 <0.02 0.03 <0.01
5142.93 3.37 4.37 <0.02
a^F - z^D""
(37)
a^F - y^F""
5341.02 3.93 5.72 0.07 0.11 0.18 0.08
(39)
a^F - z^G°
4531.15 4.22 5.40 0.02 0.09 <0.01
(41)
a^F - z^G"
4404.75 4.37 7.48 0.39 1.30 0.35
(42) 4250.79 4.47 7.18 0.06 0.36 0.14
4202.03 4.43 6.91 0.20 0.52 0.14
Continued on Next Page
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Table 7 Continued
Multiplet A
(A) (eV)
(43)
a^P - y^D°
(62)
(68)
a^P - z^P""
(111)
a^H - z^G°
(168)
a^H - z'^G°
(169)
h^F - y^F"
(207)
4045.81
4063.59*
4132.06*
6335.34
6219.28
6265.13
6663.45
6421.35
6494.98*
6393.60
6593.88*
6191.56
6252.55
6065.48
6230.73
6200.32
4.55
4.61
4.61
4.15
4.19
4.15
4.28
4.21
4.31
4.37
4.31
4.43
4.39
4.65
4.55
4.61
log Aij
(s-i)
7.94
7.82
7.07
5.15
5.10
4.84
4494.56 4.96 6.54
5.72
5.57
5.88
5.83
4.72
5.94
5.50
6.03
6.00
4.96
rR = 6
rs = 8
9 10
9 13
0.28
0.90
0.38
0.02
0.04
<0.01
0.03
0.03
0.03
<0.02
0.03
<0.01
0.01
0.03
<0.01
0.78
3.27
1.35
0.04
0.05
<0.01
<0.02
<0.04
0.07
0.03
<0.06
0.08
0.03
<0.01
0.04
<0.01
0.21
0.69
0.26
0.06
0.04
0.02
0.03 0.20 0.02
<0.02
0.04
0.10
0.07
0.03
0.12
0.03
0.02
0.06
<0.01
20
0.04
0.02
0.03
0.02
0.02
0.07
0.05
<0.04
0.08
0.04
0.02
0.05
<0.01
Continued on Next Page
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Table 7 Continued
Multiolet \/A
(eV)
log k^j
/ — 1 \
(s 1) r/? = 6
r-B = 8
W^a(A)
9
9
10
13
20
(268) 6592.91 4.61 5.87 U.iZ
(686) 5615.64** 5.54 7.42 0.02 0.07 0.09 0.06
5572.84 5.62 7.36 0.02 0.02 0.03 0.02
5569.62 5.64 7.32 <0.01 0.01 0.02 0.03
5624.54 5.62 6.87 <0.01 <0.01 <0.01 0.02
5709.38 5.54 6.33 <0.02 <0.02 0.05 0.02
(816) 6400.00 5.54 6.97 0.03 0.04 0.06 0.06
6411.65 5.59 6.77 <0.02 <0.02 0.02 0.02
6408.02 5.62 6.49 <0.01 <0.01 <0.01 0.02
Note.— There are 4 entries for Wx from the red spectra, and 3 from the blue
spectra. Each spectrum is identified by its veiling state, either rn (columns
7-10) or rs (columns 7-9). The grating settings for each observing epoch differ
somewhat, so that some lines are observable at one epoch but not another,
as indicated by • • •
. Lines comprising common upper level line pairs used
in the LVG analysis for opacity and column density estimates is marked with
a single asterisk; the two opacity insensitive lines used to estimate kinetic
temperatures is marked with a double asterisk. Atomic parameter data for
Fe I come from Fuhr, Martin h Wiese (1988); Bard, Kock & Kock (1991);
O'Brian et al. 1991; Nave et.al. (1994).
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Table 8
Unblended Fe II lines in DR Tau.
Multiplet A Eu log ki. WxiA)
(A) (eV) (s-1)
rB = S
9
9
10
13
(27)
b r — z^F°
4351.76* 5.55 5.67 0.62 2.61 0.85
(37) 4555.89 5.55 5.32 0.25 1.51 0.37
4515.34 5.59 5.32 0.47 1.11 0.20
4629.34 5.48 5.16 0.57 1.67 0.56
4520.23 5.55 4.93 0.17 0.69 0.28
b'^F - z'^D''
(38) 4522.63 5.58 5.88 0.40 1.56 0.31
4508.28 5.61 5.83 0.40 1.22 0.31
4576.33* 5.55 4.79 0.06 0.41 0.12
a^S - z^P''
(42) 4923.93
5018.45
5.41
5.36
6.60
6.40
1.59
1.52
1.35
a^G - z^F''
(46) 5991.37 5.22 3.63 <0.03 0.04 0.11 0.09
6084.10 5.24 3.48 <0.06 <0.03 0.05 0.05
a^G - z'^D"
.
(48) 5362.86 5.49 4.85 0.23 0.31 0.44 0.30
Continued on Next Page
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Table 8 Continued
Multiple! A log A,, Wx{k)
(A) (eV) (s-i) r« = 6 9 10 20
re = 8 9 13
(49) 5276.00 5.55 5.53 0.49 0.66 0.97 0.80
5197.56 5.62 5.69 0.33 ••• 0.74 0.50
5234.62 5.59 5.36 0.48 ••• 0.95 0.62
(55) 5534.83 5.48 4.57 0.21 0.23 0.39 0.27
(74) 6456.39 5.82 5.23 0.21 0.33 0.57 0.38
Note.—See comments for Table 7. Atomic parameter data for Fe II
come from Fuhr, Martin k Wiese (1988); Heise k Kock (1990), and
Giridhar k Arellano-Ferro (1995).
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Table 9
Desirable Common Upper Level Pairs.
Pair Origin El' A. log lop A
icl 111 r iVl (eV) (A) (A) (s-i) (s-1)
TT* T
re I
z D° 4; 15 0.05 3856 5497 6.66 4.80 106
y V 20; 62 0.96 3878 6335 6.89 5.15 90
z G 42; 169 1.49 4202 6192 6.91 5.69 25
y D 45 1.59 3903 3966 7.32 6.15 15
z^P° 60; 106 2.20 8327 8805 5.98 4.23 61
z^G° 168 2.42 6495 6594 5.89 4.72 15
z^G° 268 2.75 6593 6704 5.74 4.18 37
Fell
uv3; 42 0.05 2333 5019 8.18 6.43 120
uv35; 37 0.23 2360 4629 7.38 5.11 362
uvl; uv32 0.55 2626 2732 7.38 4.96 393
^6po
uv61; 5 0.99 2881 3426 6.34 4.11 201
6 1.70 3211 3167 6.41 5.15 18
z'^D" 38; 73 2.86 4508 7225 6.00 4.40 64
z^F° 49; 57 3.31 5235 5628 5.56 3.18 260
^spectroscopic designation of the upper term for each pair.
^Parent Multiplets of the strong;weak lines in each pair.
'^lower level energy of the strong line of each pair.
F = {As/A^){Xyj/ \s)] this is the expected flux ratio of the strong to the weak
line in the optically thin limit.
Note.— Atomic parameter data are from Fuhr, Martin & Wiese (1988); Heise &
Kock (1990); Bard, Kock k Kock (1991); O'Brian et.al. 1991; Nave et.al. (1994)
and Giridhar & Arellano-Ferro (1995).
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Figure 19. Residual emission profiles are shown for Ho;, He I A5876, Fe II (49)
A5276 and Fe I (15) A5397 for the 4 red observing epochs, ordered
by the magnitude of the veiling at A5700 A., tr. The velocity scale
for the Balmer lines is almost twice that for the other lines. The or-
dinate is in units of the continuum flux and the velocity is measured
relative to the photosphere.
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Figure 20. Residual emission profiles are shown for H/?, H7, Fe II (37) A4629
and Fe I (43) A4064 for the 3 blue observing epochs, ordered by the
magnitude of the veiling at A4500 A, r^. The velocity scale for the
Balmer lines is almost twice that for the other lines. The ordinate is
in units of the continuum flux and the velocity is measured relative
to the photosphere.
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Fe I (43) A4064
W^= 0.9 A
FWHM = 67 km/s
Fe I (2) \4376
W,= 0.3 A
r„ = a
FWHM = 36 km/s
r„ = S
Velocity (km/s)
Figure 21. Four Fe I lines from the = 8 spectrum show the variation in line
width with line strength. The lines are ordered from the strongest
to the weakest line, with the profile of the strongest line superposed
on each profile. As the Wx decreases from 0.9 A to 0.03 A the
FWHM decreases from 67 to 26 km s~^
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Figure 22. The FWHM of the 62 unblended Fe I and Fe II profiles is plotted
against the line Wx for each epoch of observation, illustrating the
trend of increasing line width with increasing line strength. The 4
red spectra are in the left-hand panels, the 3 blue spectra in the
right-hand panels and both are ordered by veiling. Circles denote
lines of Fe I and squares denote lines of Fe II .
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Figure 23. Single free shape and double Gaussian fits (dashed lines) are su-
perposed on the observed profiles (solid lines) for a representative
pair of lines, Fe I (15) and Fe II (48), at the Tr = 10 epoch. In each
panel, the small open squares are the residuals between the observed
and computed profiles. The single function fits (upper panels) yield
a shape parameter /? ~ 1, for both ions, although the Fe II line is
twice as broad as Fe I . The bottom panels show double-Gaussian
fits, with each profile decomposed into a narrow component {NC)
and a broad component [BC). For each ion, the resultant line
widths for the NC and the BC, respectively, are nearly identical.
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NC, BC FWHM vs W, for Fe I, II
RED
1 1
o
1
o
'
1
moo o
O
•%
1
1 1
0 2 0.4 0 6 0 8
1 1 1
.
1 .
1
00.
-J
. 1_
2
r. = e
' I—,—I , I , 1,1,1
BLUE
O = 13
O
O.S 1
OO O ©
*^
0.4 0 8 0 8 1 0
-I
. L_
, O Fe II (NC, BC)
•, O Fe 1 (NC, BC)
0 0.2 0.4 0.6 0.8 1 1.2 1.4 l.(
w,(A)
Figure 24. The FWHM for the two Gaussian components that fit the 62 un-
blended Fe I and Fe II profiles is plotted against the equivalent
width. Each panel is a different observing epoch, with Fe I lines
plotted as circles, and Fe II lines as squares. The average FWHM
of the NC (filled symbols) from all measurements except those at
the = 9 epoch is 22 ± 4 km s"^ The average FWHM of the BC
(open symbols) from all lines with Wx > 0.1 A, except for the tb
= 9 spectrum, is 102 ib 7kms~^
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NC, BC Centroid Velocities vs for Fe I, II
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Figure 25. The velocity centroid for the NC and BC is plotted against the
equivalent width. Each panel is a different observing epoch, with
Fe I lines plotted as circles, and Fe II lines as squares. Velocities
are relative to the stellar photosphere, except at = 9, where
photospheric lines are weak and measurements are relative to the
average peak velocity for each ion. The NC average velocity from
all measurements except those at = 9, is — 1 ± 2kms~^ The
BC average velocity varies from epoch to epoch, and ranges from
0 to -11 km s~^ Error bars about the line of zero velocity are the
uncertainties in the photospheric velocity.
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Figure 26. The left and right panels compare free and constrained fits for the
anomalous = 9 spectrum. Left panels: The Gaussian compo-
nents from an unconstrained chi-square search on two Fe I profiles
yield NC and BC widths significantly broader than those at other
epochs. Right panels: The Gaussian components from a con-
strained chi-square search, with the NC set to a width of 20 km
s~^ and a velocity centroid at the line peak, for the same two pro-
files. In each panel, the NC and BC fits are shown as dashed lines.
The constrained fits yield NC and BC parameters which are con-
sistent with those found from free fits at all other epochs. What
distinguishes the rs — 9 epoch is the low peak amplitude of a 20
km s~^ wide NC, with a^^c = 0.2.
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Figure 27. Four Fe I profiles from the rs — S spectrum (identical to the set
from Figure 21) are selected to illustrate how the NC peak am-
plitude, QfATC) depends on line strength. For each profile the two
Gaussian components are shown with dashed lines. For the weak-
est line, Wx = 0.03 A and a^c — 10, while for the strongest line,
Wx = 0.9 A and aNc = 0.3.
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Figure 28. The relation between the NC peak ampUtude, OiNCi and Hne
strength for all 62 unblended Fe I and Fe II lines at each observ-
ing epoch is shown. The value of Qyvc is ~ 1 for the weakest lines
and is ~ 0.2 for the strongest lines. The exception is the = 9
spectrum, where qjatc = 0.1 for the strongest lines. In contrast to
the fitting parameters shown in Figures 24 and 25, here we show
the a^c which results when the constrained NC fitting procedure
is applied to all lines (see text).
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Figure 29. A pair of non-simultaneous Fe I lines arising from a common upper
level with an Aij ratio of 42. The left panels show 3 individual pro-
files of the weaker line in the pair, Fe I (168) A6394, and the average
of those 3 observations. At all epochs this line is dominated by the
NC, with ckATc ~ 0.9 and an equivalent width ratio of NC/BC =
2.1. In contrast, the right panels show the individual and average
profiles for the stronger line of the pair, Fe I (41) A4405. In this line
the BC contribution dominates at all epochs, with average values
oioiNc ~ 0.2 and NC/BC = 0.06. In each panel, the NC and BC
fits to each profile are shown as dashed lines.
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Figure 30. Profiles pairs of simultaneously observed Fe I lines arising from a
common upper level are shown for the rn = 10 epoch. Each pair
comprises a weak (left panel) and a strong (right panel) member,
i.e., in terms of the relative strength of the spontaneous emission
rates Aij in each line, shown in units of 10^ s~^ In contrast to the
non-simultaneous pair in Figure 29, the ratio of NC/BC emission
between these pair members differs only by a factor of two. The
NC and BC fits to each profile are shown as dashed lines.
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Figure 31. Profiles are shown for the 2 pairs of simultaneously observed
Fe I and Fe II lines which arise from a common upper level at the
tb — 13 epoch. Each pair is composed of a weak (left panel) and a
strong (right panel) member, which refers to the relative strength
of the spontaneous emission rate Aij in each line, shown in units of
10'* s~^ In contrast to the non-simultaneous pair in Figure 29, the
ratio of NC/BC emission between these pair members differs only
by a factor of two. The NC and BC fits to each profile are shown
as dashed lines.
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Common Upper Level Pairs
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Figure 32. A comparison of the BC and NC emission for pairs of lines from a
common upper level and for which the BC and NC can be reliably
extracted. Included are 3 pairs from Fe I (15) at r^^ = 10 and 1 pair
from Fe I (15) at Tr = 20 in the red, and 1 pair each from Fe I (43)
and Fe II (38), at all 3 epochs in the blue. In the upper panel the
W\{NC/BC) ratios are plotted against the spontaneous emission
rate Aij, with pair members joined by a dashed line. In the lower
panel, the Wx{weak/strong) ratios for the NC and the BC are
plotted against the expected value in the optically thin limit. For
most pairs the ratios exceed the optically thin value, indicating that
in both the NC and the BC the stronger line at least is optically
thick. Also for most pairs, the ratio for the NC exceeds that for
the j5C, suggesting a greater opacity in the NC emission.
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Figure 33. Results for the column densities from the Sobolev calculations, for
the 4 common upper level line pairs from our red spectra. Left
panels: Curves of growth relating f^g, the intensity ratio of the
weak to the strong line in each pair, to Af = ndl/dv, plotted for
temperatures between 4,000 <T< 20,000 K. Horizontal lines are
the observed values of fu,s in the NC and the BC. Center panels:
Theoretical loci of Af and T compatible with the observed fyjs ratios
shown in the growth curves, for the NC and the BC. Right panels:
Theoretical loci ofN and T, with N — ndl « AAA?; calculated from
the results in the center panels. The conversion fromM = ndl/dv to
a standard column density via A?; for each component shifts what
were distinctly lower values of J\f for the BC to values of that
are comparable between the NC and the BC.
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Figure 34. Results from the Sobolev LVG calculations for the 2 common upper
level line pairs from our blue spectra. Left panels: Curves of growth
relatmg J^^, the intensity ratio of the weak to the strong line in each
pair, to TV = ndl/dv. Growth curves in each panel are plotted for
temperatures between 4,000 < T < 20,000 K. Horizontal lines are
the observed values of /^^ in the NC and the BC. Center panels:
The theoretical loci ofM and T compatible with the observed /^^
ratios shown in the growth curves, for the NC and the BC. Right
panels: The theoretical loci of and T, where N = ndl ^ AfAv,
calculated from the results in the center panels. In the conversion
from Af = ndl/dv to a standard column density via Av for each
component shifts what were distinctly lower values of Af for the
BC to values of N that are comparable between the NC and the
BC. Thus for T between 4,000 and 20,000 K there is no significant
difference in the column densities of the NC and BC.
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LVG Opacities
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Figure 35. Opacities for tlie lines in our 6 common upper level line pairs, shown
for each epoch of observation. The opacities can be derived from
the growth curves of Figures 33 and 34, but are independent of jV
and T (see text). Derived values range from about 0.1 to 10 for
these lines. The data suggest that the optical depth of the NC
exceeds that of the BC by a factor of 2-4 in each line, consistent
with the trend inferred from the comparison of the observed line
ratios with their optically thin values shown in Figure 32.
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Velocity (km/s)
Figure 36. Average profiles are shown for the two Fe I hnes which are in-
sensitive to opacity (see §3.5.3). In the top two panels, the
NC and BC fits for each average profile are shown as dashed
lines. The lower panel superposes the two average profiles to fa-
cilitate their comparison. The temperature sensitive parameter
9=[^A(fg)5616/W^A(fg)4376]=4.2.
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Tnc (lO^' K)
Figure 37. The relative values of T^c and Tbc are shown for 10 > q > 0.25,
where q = [^A(fg)56i6/^A(f§)4376] (see §3.5.3). Curves of con-
stant q are plotted at q = 10, 6, 4, 2.5, 1.5, 1, 0.75, 0.5, and 0.25.
At q = 1, T/vc = Tbc- The observed q of 4.2 ±1.7, corresponding
to the regime where T^rc > Tbc, is shown as a dashed line. For
example, if T/vc = 10^ K, then Tgc = 6900 K.
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